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CHAPTER I 
INTRODUCTION 
The term "soil stabilization" has been a source of a great deal of 
misunderstanding. This confusion has probably slowed development in 
this area. In its broadest sense, soil stabilization is the altering 
of any of the properties of soil in such a way as to improve its 
engineering performance. The objective of soil stabilization most 
frequently sought is an increase in loadbearing capacity. However, 
methods of soil treatment have evolved in such a way as to make possible 
the alteration of almost every engineering property. 
Engineers are using several methods to stabilize areas of unstable 
soils to provide reliable support for structures. Some of the methods 
are: (a) surcharging, pre-consolidation, or vertical sand drains, 
(b) excavation and replacement, (c) displacement, (d) addition of lime, 
Portland cement and similar physical/chemical agents, and (e) electro-
osmosis. For each different site there will be different governing 
conditions such as cost, time available, and soil conditions that may 
make any one or a combination of the above methods the most advantageous 
to use. 
Electro-osmotic stabilization of soils is a relatively unexplored 
area of soil mechanics even though the principles on which it is based 
have been known for more than 150 years. Because of the small amount of 
published information concerning theoretical and practical 
1 
electro-osmosis, most engineers have only a vague knowledge of how 
effective the process may be in solving their particular soils problem. 
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Since 1930, a number of investigators have experimented with 
electro-chemical methods to improve the structural properties of clays. 
The name for the process is usually shortened to electro-osmosis. It 
may be defined as the movement of a liquid through a porous medium (soil) 
under the influence of an electric field. Potential for future utili-
zation of electro-osmosis seems promising, but its actual use will 
depend greatly upon the interest and information generated by research. 
The Scope of This Study 
This investigation was primarily concerned with the measurement of 
the effect of electro-osmotic treatment on the expansive characteristics 
of a clay mineral. The most important factors governing expansive 
pressure of a clay were investigated; they are as follows: 
(1) per cent clay mineral, 
(2) density, 
(J) degree of saturation, 
(4) time of treatment, 
(5) voltage gradient, and 
(6) chemical solution. 
The investigation was limited to only one expansive clay mineral, 
montmorillonite, although there are other clay minerals that have ex-
pansive characteristics. For each of the first four parameters listed 
above, four levels of existing conditions were tested. Only one level 
of factors (5) and (6) were used since the effects of varying these 
parameters was investigated by the author at Arizona State University 
during the time period 1965 through 1969. 
Object of Research 
J 
The object of this research was to develop a method of reducing the 
swelling charaGteristics of an expansive clay, using electro-osmosis 
to facilitate cation exchange within the clay. 
CHAPTER II 
THE STRUCTURE OF CLAY AND THE 
INTEAACTING BONDING FORCES 
General 
Fundamental to the understanding of the behavior of clay soils is 
a basic knowledge of the structure of the elements of the individual 
clay particle. Although the discussion that follows is generally 
applicable to all clay soils, attention will be centered on the charac-
teristics of the clay mineral montmorillonite. Such a restriction is 
justified since this particular clay mineral is one of the most diffi-
cult to stabilize and it is the principle constituent of the expansive 
fines in the clayey soil used in the research work of this report. Of 
necessity, this examination must be limited. The reader is referred to 
authors in the field of clay mineralogy such as Grim, Ross and Pauling 
[12, JO, 25] for a more extensive discussion. 
Bonding Forces in Clay Particles 
Before reviewing the structure of clays, it is appropriate to 
examine first the forces working to bond individual as well as aggregate 
particles together. The discussion will be limited to those of particu-
lar interest in clays. 
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Primary (High-Energy) Bonds 
Although numerous types of primary bonds can be discussed in 
connection with chemical bonds in general, three are of principal 
interest to the student of clay mineralogy. 
Ionic Bonds 
Elements in the periodic table capable of combining chemically do 
so by a stabilizing process of either gaining or losing electrons. 
Typically, this reaction can be demonstrated using sodium and chlorine, 
as examples: 
Na - e -.Na+ 
Cl + e -+Cl 
Thus, the gain or loss of an electron does not produce an electrically 
neutral particle but rather one with a positive or negative charge. 
Combining the two equations gives 
+ -(Na - e) + (Cl + e) -+ Na Cl (2.1) 
The forces holding the sodium and chlorine atoms together are called 
ionic bonds. The positive ion (Na+) is termed a cation while the 
negative (Cl-) is called an anion. 
Covalent Bonds 
Covalent bonds involve a combining of atoms lacking electrons 
through sharing those available to both. Such bonds are typified by the 
bonding of numerous gases such as oxygen and hydrogen and the carbon 
bonding in organic compounds. 
6 
Heterpolar Bonds 
Heterpolar bonds are those bonds formed by either ionic or covalent 
electron sharing that leaves the completed molecule in a state of 
electrical dissymmetry. The most common example is that of water where 
the two hydrogen ions and the single oxygen ion are bonded together with 
the hydrogen ions, being separated by an angle of 105°. This lack of 
symmetry provides an electrical moment, giving rise to secondary forces. 
In general, high-energy bonds are considered to be those binding 
atoms together to form molecules. Because their high strength precludes 
breaking by ordinary methods, these bonds, of themselves, are of limited 
interest to the soils engineer. Of more value are the effects of these 
bonds, particularly those producing dissymmetry (heterpolar) and residual 
electro-static charges (ionic). 
Secondary (Low-Energy) Bonds 
Low-energy bonds, often referred to as residual forces, are 
principally concerned with attractive or repulsive forces between 
molecules. 
Van der Waals - London Bonds 
The orbital movement of electrons around atoms gives rise to an 
electrical field capable of interacting, in an attractive manner, with 
nearby molecules. This attractive force is termed the Van der Waals -
London force. While heavily dependent on the distance between particles 
and the atomic number of the element, the extent of these forces is also 
a function of the dielectric fluid and the orientation of the particles 
with respect to each other. In water with low electrolytic 
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concentration, variations are considered to be negligible. In a clay-
water system, the Van der Waals - London forces are essentially depen-
dent on the structure of the clay particle. Provided that a parallel 
orientation is assumed, the force varies as the inverse of a power of 
the distance between particles. In random, or non-parallel orientations, 
such proportionality is disrupted by the varying particle orientation. 
Electrical Bonds 
Electrical bonds arise from the unsymmetrical centers of positive 
and negative polarity in a molecule. This lack of symmetry causes the 
molecule to behave as a small dipole, attracted, therefore, to another 
molecule or particle of the opposite charge. 
Hydrogen Bonds 
The hydrogen bond is, in terms of bond strength, a hybrid. While 
stronger than the secondary bonds previously described, its strength is 
less than that of any of the primary bonds. This bond occurs when a 
hydrogen ion is attracted to two separate anions and has difficulty in 
permanently bonding to either. In this case, the hydrogen ion simply 
oscillates between the two molecules, sharing its electrons with both. 
H H 
H - cl + H - cl -+ H H H - cl - H - cl 
A discussion of the applicability of these various forces to clay 
particles is more appropriately continued as a part of the discussion of 
the structure of clay particles themselves [15]. 
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The Structure of Clays 
As noted by Grim [12], the term clay can present totally different 
meanings to different people. For the purposes of this report, the term 
clay will refer to that fraction of soil particles in a soil mass having 
a diameter smaller than two microns (0.002 mm) that exhibit properties 
of cohesion and plasticity. 
Extensive mineralogical investigations have shown that most clay 
particles have a number of characteristics not commonly found in other 
soil fractions. First, clay particles are generally plate or rod-shaped 
and exhibit a high specific surface when compared, for example, to a 
cube of equal volume. Secondly, behavioral characteristics of clay 
fractions are governed by the colloidal forces of surface energy rather 
than the aspects of mass and gravitation. Typical dimensions of the most 
common clay minerals of the major groups are shown in Table I. 
In discussing the constituents of a clay particle, a system of 
~asily understood and logically sequenced terms should be established. 
However, there exists a considerable difference of opinion. Therefore, 
a combination of the work of both of the Nomenclature Committee of the 
Clay Minerals Society and that of Lambe will be used to define the 
following terms: 
Crystal: The crystal is the largest non-repeating structural unit. 
Plane, Sheet, and Layer: It is recommended that these terms be 
used in the following manner: A plane of atoms, a 
tetrahedral or octahedral sheet, a 1:1 or 2:1 layer. 
Thus, plane, sheet, and layer refer to increasingly 
thicker arrangements; a sheet is a combination of planes, 
and a layer is a combination of sheets. In addition, 
Clay Mineral 
Montmorillonite 
Kaolinite 
TABIE I 
DIMENSIONS OF TYPICAL CLAY PARTICLES [12] 
Characteristic 
Ratios of 
Dimensions 
100 x 100 x 1 
10 x 10 x 1 
Approximate Range of Actual 
Dimensions (A) 
Length and Breadth Thickness 
1000 to 5000 10 to 50 
1000 to 20000 100 to 1000 
Specific Surface 
(m2/gram) 
Boo 
10 
'° 
layers may be separated from one another by various 
interlayer materials, including cations, hydrated 
cations, organic molecules, and hydroxide octahedral 
groups and sheets [28]. 
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Aggregate: Aggregates are random agglomerates of crystals. 
Particle: The particle is the smallest apparent unit of the soil 
and can be either a sheet, a crystal, or an aggregate [15]. 
Basically, different clay minerals are formed by the varied 
structural lamination of two or three common minerals. The first, 
commonly constituting the octahedral sheet, is composed of hydrated 
oxides of aluminum (Gibbsite) or magnesium (Brucite) as shown in 
Figure 1. In an abbreviated symbology, this sheet can also be expressed 
as shown in Figure 1c. The second mineral sheet is composed of tetra-
hedrons of silicon and oxygen as shown in Figure 2. The symbol for this 
sheet is shown in Figure 2c. 
The structure of montmorillonite, from a theoretical standpoint, 
is shown in Figure J. Expressed in chemical terminology, this structure 
has the formula (OH)~Si8A1~020 °nH2o. More commonly, however, some 
isomorphic substitution has occurred within the atomic lattice during 
the life of the clay. This substitution usually involves the partial 
replacement of aluminum within the Gibbsite sheet by other cations such 
as magnesium or iron, and, to a lesser extent, replacement of the 
silicon atom by aluminum. 
The stacking of crystals of montmorillonite to form particles 
results in adjacent crystals having oxygen molecules opposite oxygen 
molecules, eliminating the possibility of hydrogen bonding. The only 
forces holding the crystal forms together, then, are weak Van der Waals 
Q ANO () = HYDROXYLS • ALUMINUMS, MAGNESIUMS, ETC. 
(Cl) SINGLE OCTAHEORAL (b) SHEET STRUCTURE OF THE 
UNIT OCTAHEDRAL UNITS 
(c) BUILDING BLOCK SYMBOL FOR 
THE OCTAHEDRAL SHEET 
Figure 1. Structure of the Octahedral Sheet [12] 
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Q AND () : OXYGENS 
(ci) SINGLE SILICA 
TETRAHEDRONS 
0 AND e : SILICONS 
(b) SHEET STRUCTURE OF SILICA 
TETRAHEDRONS ARRANGED IN 
A HEXAGONAL NETWORK 
'( ____ / 
(c) BUILDING BLOCK SYMBOL FOR 
THE TETRAHEDRAL SHEET 
figure 2. Struc~ure of the Tetrahedral Sheet [12] 
12 
CLAV MINERALOGY 
EXCHANGEABLE CATIONS 
nH2o 
QoxYGENS @HYDROXYLS • ALUMINUM, IRON, MAGNESIUM 
0 AND. SILICON, OCCASIONALLY ALUMINUM 
NOT£: 
DIAGRAMMATIC SKETCH OF TH£ STRUCTURE OF MONTMO· 
RILLONIT£ ACCORDING TO HOFMANN, ENDELL, AND WILM,17 
MARSHALL~9 AND HENDRICKS.'8 
Figure J. The Structure of Montmorillonite [12] 
13 
14 
forces and various forms of cation-dipole link.ages. This feature of 
montmorilloni te allows easy access of various polar fluids, such as 
water, between adjacent crystal units, accounting for the relatively 
high expansive characteristics of montmorillonite [12]. 
The net result of isomorphic substitution is to leave the crystal 
lattice with a charge deficiency so that the particle is negatively 
charged. However, it is understood that even without isomorphic substi-
tution, there exists to some degree a negative charge deficiency in the 
clay lattice system. In an attempt to maintain electrostatic equi~ 
librium, the negative charge on the particle is countered by adsorbing 
various positive cations. This process is known as base exchange. 
Grim demonstrates the changes in the chemical formula after a partial 
magnesium substitution as: 
(OH)4Si8(A13.34Mg.66)02o·nH20 (2.2) 
J, 
Na.66 
where the sodium (Na) represents the exchangeable ions. In the hydrated 
state, these cations are tightly bonded to the soil particles [12]. 
Providing water to the pores of a soil containing a montmorillonite, 
as just described, permits the exchangeable ions to shift from a total 
concentration at the surface of the soil particle to a concentration 
varying from relatively high near the surface to close to zero at a 
distance away. This state typifies the double-layer theory presented 
in the following chapter. 
CHAPTER III 
REVIEW OF THEORIES AND EQUATIONS 
GOVERNING ELECTRO-OSMOTIC FLOW 
The discovery and present development of electro-osmosis can be 
attributed largely to the cumulative efforts of Russian, German, and 
American scientists. 
The first recorded observation was made by Reuss in 1807. He noted 
that when a potential was applied across two electrodes driven into the 
moist earth of his Moscow garden, electricity moved easily through the 
soil. Furtber investigation lead him to discover that when a potential 
was applied across a porous water-saturated medium (quartz powder) water 
moved from the anode to the cathode [29]. 
Quincke was the first .to explain this flow process on the basis of 
an electrical double layer. Postulating the existence of single capil-
laries within the soil, he assumed that the double layer was composed of 
an inner, negatively charged immobile or solid layer and an adjoining 
liquid layer with a positive chargeo Thus, when a potential was applied 
across electrodes in the soil, the positively charged ions would be 
moved toward the cathode through the soil capillaries, carrying with 
them attached dipolar water molecules [~]. 
15 
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Theory of Helmholtz 
In 1879, Helmholtz presented the first mathematical theory governing 
the rate of electro-osmotic flow. In developing his theory, Helmholtz 
assumed (1) a cylindrical, straight, uniform capillary tube filled with 
water, and (2) a double layer composed of a thin, negativ~ly charged, 
rigidly attached inner layer and a much thicker, positively charged, 
movable outer layer. In the interior of the tube, free water, unaffected 
by electrical potentials, is assumed to exist. That is, no interaction 
between double layers is present. Thus, the Helmholtz theory is 
generally derived for wide capillaries and thin double layers. 
According to the Helmholtz equation, the quantity of liquid moved 
per unit time through a single rigid capillary is as follows [14]: 
(J.1) 
where all dimensions are in cm-g-sec system and electro-static units, 
and 
qe = quantity of water, 
E = electric potential, 
D dielectric constant of the liquid, 
r ~ radius of the capillary tube, 
Z = zeta potential, 
n = viscosity of the liquid, and 
L = length of the capillary. 
In the Helmholtz equation, the dielectric constant D is a measure 
of the polarity of the liquid. Since the soil-liquid bonds are polar 
type forces, polar type forces are a factor in electro-osmosis. The 
dielectric constant for water is 81 [13]. 
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The concept of double-layer stems from the difference noted between 
thermodynamic and electrokinetic potentials. This difference is assumed 
to be due to the fact that a portion of the cation cloud nearest the 
particle is immobile, thereby reducing the zeta potential below the 
theoretical. The most generally accepted diagram of a clay particle 
with the surrounding ion cloud is shown in Figure ~. 
The zeta potential is the potential used in electro-osmosis compu-
tations. The variation of this potential with distance from a clay 
particle is an expotential curve as shown in Figure 5. 
The zeta potential as shown is the potential at the boundary 
between the "inner" and "outer" halves of the double layer. Noting the 
shape of the curve, it seems unreasonable to assume that this boundary 
would be at a fixed location since the transition is gradual. Rather, 
it is probably best visualized as an approximate location which, when 
used in computations, fits experimental results. However, a distinct 
boundary is shown for graphical purposes in most cases. 
The potential E at the particle surface is called the Nernst 
0 
potential and may be calculated thermodynamically. If the Nerst poten-
tial were used in the Helmholtz equation, the velocity determined would 
be greater than the actual value, since the ions at the particle surface 
are immobile. The fact that this occurs is considered proof of the 
existence of a double layer. 
The diffuse double layer theory varies slightly from the original 
double layer theory of Helmholtz. The work of Lambe and others has shown 
that the concept of two positively charged layers - one immobile and the 
other mobile and diffuse - is more nearly correct. However, the Helm-
holtz equation also holds for the diffuse double layer theory. 
+ + 
+ + 
+ + 
+ 
+ + + ++ + 
++ +++ ++ 
+ -=b:- Cl:_A!_ GR~IN =:_ !F= + 
++ ++ +++++ +++ 
++++ + -t-
+ +· + 
+ + 
ADSORBED LAYER AND DOUBLE LAYER WATER 
IMMOBILE CATIONS AND MOBILE CATIONS· 
Figure ~. Water Layers and Cation Distribution About a 
Clay Grain [18] 
FIXED MOBILE 
k = CONSTANT 
Z = ZETA POTENTIAL 
d = DISTANCE FROM PARTICLE SURFACE 
Figure 5. Zeta Potential of a Particle [18] 
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In revised notation, the Helmholtz equation can be re-written: 
= c . i 
1 e • a (J.2) 
where c 1 is DZ/4TTn and assumed constant, ie is E/L and a is the cross-
sectional area of the capillary, TTr2 • For a bundle of N capillary tubes 
with a total cross-sectional area of A perpendicular to the direction of 
flow and a void ratio of e and where e/(1+e) is the fraction of cross-
sectional area taken up by pores 
N • q 
e 
A 
a 
c1) 
k • i · A e e 
e 
1 + 
. i 
e 
c1 i . . . a e e 
. A 
where k is called the electro-osmotic coefficient of permeability. 
e 
(J.J) 
Thus, according to the Helmholtz equation, the rate of flow is inde-
pendent of the size of the capillary tubes. 
Figure 6 shows the distribution of ions in the double layer on both 
sides of a wide capillary. If a potential gradient is applied, the 
mobile layer is pulled to the negative electrode (cathode), and the 
negatively charged capillary walls are attracted toward the anode. As 
the positive ions migrate to the cathode, they drag with them the pore 
water in the center of the tube. After a short time, the velocity 
distribution across the capillary will be as shown, according to the 
Helmholtz theory [14]. 
( CLAY GRAIN 
l"-----.--~-~___;;;;;;;;~-=--==-..i( 
+++++++ + + + ++ 
_t......__+ _ + __ +_._±.i.-_+ __ +_--1±1-- ~DIFFUSE 
PORE WATER ~ DOUBLE 
+ + + + LAYER + + + 
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Theory of Schmid 
A second important theory available to explain the mechanism of 
water transport is the Schmid theory. It was developed for microporous 
systems where the cations balancing the colloid charge can be considered 
to be uniformly distributed throughout the liquid in the capillary tube. 
This should approximate the condition when the thickness of the double 
layer is large in comparison to the radius of the capillary tube. When 
a potential is applied to the tube, all the cations are attracted to the 
cathode. The resulting velocity distribution is parabolic - the same 
shape as that resulting from hydraulic flow. Figure 7 depicts Schmid's 
concept. His formula may be written as [9] 
where 
v 
r. = capillary radius, 
2-
r crE 
Bu 
cr average mobile electron charge density, 
E = potential gradient, and 
u = fluid viscosity. 
(J.4) 
There has been considerable discussion among authorities of the 
differences between the two theories and the types of material in which 
each is expected to be valid [9]. 
Developments by Esrig 
In 1964, Esrig reported theoretical considerations that suggest 
that the Schmid and Helmholtz theories are identical. His stated aim 
was 11 to develop a new relationship among the variables affecting 
(_ CLAY GRAIN 
+ + + + 
+ + +++ 
+ + + .+ + 
-+- +++ + + ± t 
+ ++ 
+ + 
+ + -f-
+ + 
++ + l- CLAY GRAIN - -~ 
0 
(a) 
( 
''Tube (Wall 
! 
' \"A 
-~ .. ~INCREASING VELOCITY 
(b) 
Figure 7. · Schmid Theory of Cation Distribution 
in a Capillary Tube and Velocity 
Distribution Across a Capillary 
Tube During Electro-Osmosis for the 
Schmid Theory [9] 
22 
23 
electro-osmotic flow, to transform the well-known Helmholtz-Smoluchowski 
equation and to re-derive the Schmid equation" [9]. Using this approach, 
Esrig derived a new, unifying equation for electro-osmotic flow. His 
theoretical work indicates that the Schmid and Helmholtz equations are 
the same. The Esrig equation is given as [9]: 
v 1 ( d) r 2F 
- log 1 + - ...--2 e r u (3.5) 
where 
d an effective distance from the center of electric charge of the 
electric double layer to the capillary wall (a parameter to 
characterize the electric double layer), 
r capillary radius, 
F = cr E, average electric driving force per unit volume of 
electrolyte in the capillary, 
cr average mobile electric charge density, 
E = potential gradient, 
u = fluid viscosity, and 
v = velocity of water migration in a steady-state condition. 
Esrig believes this to be a significant improvement over the 
popular equations of electro-osmotic flow because it does not require 
the evaluation of the zeta potential and can be used for electrolytes 
of all concentrations, since the characteristics of the double layer are 
taken into account. 
Further, by considering the quantity of.flow per unit time through 
a unit area containing m capillaries all of radius r, and remembering 
that 
Q=k ·i ·A 
e e 
Esrig has shown that his equation leads to the expression 
(3.6) 
) '* -k = ..! log (1 + 2. m TT r C1 • 
e 2 e r u (Esrig's Eq. 23) 
This equation can also be written as: 
where 
k 
e 
mk (3. 7) 
e 
Since the radii of the capillaries in a soil mass are not all equal, 
the flow rate from a uniform potential gradient should be written as: 
m k A ) 
n e n 
n 
(3.8) 
This equation cannot be factored so that it can be written in the 
form of Equation (3.6). Thus, it is impossible to eliminate the 
dependence of k on the radius of the individual soil capillaries. 
e 
Previous to Esrig's assertion, Schaad suggested about the same 
thing. He discussed the fact that Helmholtz's theory seems inconsistent 
with certain mathematical and practical considerations. While the 
Helmholtz theory held that for a soil with a given void ratio and zeta 
potential the quantity of flow is independent of size of capillary, 
Schaad noted that practical experience indicates a variation of electro-
osmotic flow with capillary diameter [35]. 
In developing and discussing his new unified equation for electro-
osmotic flow, Esrig was able to cast light on some of these puzzling 
observations. 
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It can be seen from Esrig's Equation (23) that k is dependent upon 
e 
the thickness of the double layer represented by the parameter d. If 
the function loge (t + :) is expanded, we find 
d d2 
- - + 
2r2 
Esrig (26) 
r 
When d is small in comparison to r, an assumption 
which is valid for the Helmholtz - Smoluchowski conditions, 
all terms in the expansion following the first can be 
neglected without introducing significant error. We 
therefore find that k is approximately a linear function 
of double layer thickliess which, in turn, is a function 
of the ion concentration in the pore fluid. 
Prediction of the relationship between d and ion 
concentration for a wide range of concentrations is a 
complex physical-chemical problem which is not readily 
soluble. However, it is known that d decreases sharply 
as the ion concentration is increased. 
From Equation (23) it can also be seen that k is a 
function of the viscosity of the pore fluid u and ~f the 
average mobile electric charge, density cr. The former, 
which is primarily temperature dependent, tentatively can 
be assumed to be constant for a given soil in the ground 
although it is possible that it varies somewhat within the 
capillary as a result of the charge on the walls. The 
latter is a function of the surface activity of the soil. 
As the surface activity increases, the quantity of water 
discharged should also increase. Thus, treatment of a 
montmorillonitic soil should be more efficient than 
treatment of a kaolinitic soil. 
The information provided in the preceding discussion 
can be used to predict, in a qualitative way, the effect of 
the moisture content of a soil on the volume of water 
flowing during treatment and the efficiency of the treatment. 
For example, Equation (23) suggests that if d is maintained 
constant, as the water content' (hence the radii of the 
capillaries) of a soil increases the volume of outflow will 
increase until a fluid state is reached. At this stage, 
we can expect the log (1 + d/r) to begin to approach zero and 
the outflow to stop. eBecause the fluid state is approached 
rapidly as the moisture content of a soil exceeds about its 
liquid limit, it might be expected that the maximum volume of 
outflow will occur when the soil under treatment has a 
moisture content in the vicinity of its liquid limit 
• • • [ 9 ]. 
Theory of Winterkorn 
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Winterkorn has attempted to show a relation between the Schmid and 
the Helmholtz-Smoluchowski theories by postulating that both are valid, 
and that the theory which is applicable at a given time in any electro-
osmosis system is a function of the cube of the capillary radius. He 
believes there is a transition point which can be expressed as 
d (3.9) 
where 
d the distance between the loci of the wall and of the cations, 
or the thickness of the double layer, and 
r = capillary radius. 
From this he concludes that Schmid behavior can be expected in soils 
whose capillary pores have effective radii smaller than 0.1 mm [44]. 
Casagrande, however, believes that Winterkorn•s experimental 
results have been distorted by gas bubbles, sample shrinkage, and 
electro-phoresis. A simple description of electro-phoresis is given in 
Figure 8. It is the movement of solid particles, floating in a liquid, 
toward the anode when an electrical potential is placed across elec-
trodes immersed in the liquid. In a saturated clay soil there may be 
pores containing free water which are large enough to permit a quantity 
of the extremely fine clay particles to be carried in the water. When 
an electrical potential is placed across the clay these extremely fine 
particles will move in the pores by electro-phoresis action. At the 
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Figure 8. Electro-Phoresis; Movement of a Clay 
Particle in a Solution Vnder the 
Influence of Electrical Current. 
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cathode, particles may be removed completely from the soil mass by this 
action~ 
A comparison can be made between an electro-osmotic process and an 
electrolytic cell process. Both have a cathode and an anode connected 
through a source of electro-motive force. Both require an electrolyte, 
i.e., a substance which (partially) dissociates into ions, and thus is 
made capable of conducting an electric current. And both processes 
generate gas bubbles at one of the electrodes and/or cause a deposition 
of solids derived from the electrolyte and electrodes. When the 
electro-motive force (emf) is applied, the quantity of electrons at the 
negative pole and hence on the cathode in the electrolytic cell, is 
increased. Simultaneously this emf increases the positive charge at the 
anode by removing electrons and thus there is a difference of electrical 
potential created between the two electrodes. In order to restore 
equilibrium in the system the anode will tend to take on electrons and 
give up cations while the cathode will tend to give up electrons and 
take on cations. Any cations in the electrolyte will be attracted 
toward the cathode at the same time any anions in the electrolyte will 
be drawn toward the anode. 
The laws which Michael Faraday formulated on the subject of elec• 
trolysis can be summarized in the general statement: "The quantity of 
any ion liberated during the electrolysis of any electrolyte depends 
upon the quantity of electricity that passes through the solution; the 
same quantity of electricity liberates equivalent quantities of different 
ions" [2J~ This holds true regardless of conditions such as concentra-
tion, temperature and length of time that the electric current passes 
through the electrolyte. While quantity of liberated ions is dependent 
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only on the amount of current, the intensity or speed with which the 
liberation takes place is dependent on voltage. 
It should be understood that there is a minimum emf called the 
decomposition voltage which is necessary to free the ions of an elec-
trolyte at the electrodes of an electrolytic cell. The decomposition 
voltage is dependent upon the ability of an element to form positive 
ions by giving up electrons. This ability is measured by the element's 
ionization potential, which is discussed below. Decomposition voltage 
must also overcome the tendency of some elements produced by electrolysis 
to return to their ionized state, which creates an internal emf counter 
to the outer supplied decomposition voltage. In electrolytic cells 
containing electrodes of certain elements, such as copper, it is found 
that the minimum decomposition emf is negligible. For these particular 
elements electrolysis proceeds continuously even with faint currents and 
very low voltages. 
In a saturated clay two processes probably occur when electro-
osmosis is applied. First, the mobile cations, dragging along water 
molecules, are drawn toward the cathode where the cations have their 
electron deficiency satisfied and where the water is dumped. Secondly, 
a reaction occurs which can be expressed in the general form 
0+ + HOH ~ O(OH) + H+ 
in which 0+ is a cation produced from anode corrosion, (OH)- is a 
hydroxl anion produced from hydrolysis of the water, and H+ is a hydro-
gen ion also produced from hydrolysis. The compound O(OH) is deposited 
in the clay structure before it reaches the cathode. + The H , because 
of its small size, easily travels to the cathode where it picks up an 
electron and forms a molecule of hydrogen gas. 
Casagrande has shown that by using aluminum anodes in electro-
osmosis, clay soils can be stabilized and hardened irreversibly. 
Casagrande attributed this ability to the replacement of Na+ in the 
diffuse double layer by Al+++, to the reduction in water content by 
electro-osmosis, and to aluminates formed in the soil pores. In the 
base exchange of Na+ by Al+++, Kumutat believes that the Na+ is 
attracted toward the cathode and is deposited as aluminates, leaving a 
"cation void" to be filled by Al+++ boiling off the anode, and H+ pro-
duced at the anode by the following reaction: 
The aluminum cations tend to be deposited as aluminates instead of 
traveling very far through the clay pores. The base exchange with 
aluminum electrodes then tends to be H+ for Na+ rather than Al+++ for 
Na+. The deposition of the Al+++ and Na+ aluminates causes the irre-
versibility of the electro-osmosis [6]. 
The above discussion prompts the question of why aluminum and 
hydrogen would displace sodium in a base exchange when both Al and H 
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are lower than Na on the chemical activity series. The answer is that 
the ionization potential of the sodium is less than that of aluminum or 
hydrogen (see Table II). The ionization potential is the strength of 
electric field in volts per centimeter necessary to transfer an electron 
from its normal atomic energy level to infinity. The ionization po-
tential is dependent on the size or radius of the atom which in turn is 
dependent on the charge of the nucleus. As the charge of the nucleus 
TABLE II 
RADII AND IONIZATION POTENTIALS OF SELECTED ELEMENTS [13] 
Atomic Ionic 
Element Atomic Radius Radius 
0 0 No. A A 
Hydrogen 1 0.37 1.36 
Sodium 11 1.86 0.98 
Magnesium 12 1.595 0.71 
Aluminum 13 1.48 0.55 
Silicon 14 1.17 o.44 
Potassium 19 2.27 1.33 
Calcium 20 1.97 0.98 
Manganese 25 1.24: 0.91 
Iron 26 1.238 0.83 
Ionization 
Potential 
Volts 
13.595 
5.12 
7.61 
5.96 
8.12 
4.32 
6.09 
7.4:1 
7.83 
'"" ~ 
gets larger it more strongly pulls in the surrounding electrons and 
removing them becomes more difficult. Conversely, the more electrons 
there are, the greater the atomic radius is, and the easier it is to 
remove one of the outer electrons. 
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Because of its low ionization potential, the sodium ion tends to 
remain ionized instead of combining with other salts, and, hence, is 
susceptible to the el~ctro-osmotic force. On the other hand the 
aluminum, because of its relatively higher ionization potential and small 
atomic radius, will tend to share its outer electrons instead of giving 
them up. The resultant compounds, such as Al(OH) 3 , are not susceptible 
to the electro-osmotic force because of their electrical neutrality. 
To the knowledge of the writer, the chemical reactions and products 
from metallic electrodes other than aluminum have not been determined 
for electro-osmosis in a clay soil. However, based on this information, 
a research project was conducted in which soluble metallic salts were 
introduced at the anode of an electro-osmotic system and the resulting 
change in the expansive p~essure of a swelling clay was measured. The 
results of this work will be discussed in the next chapter. 
CHAPTER IV 
PRIOR ELECTRO-OSMOTIC RESEARCH 
AT ARIZONA STATE UNIVERSITY 
General 
This chapter is based on work performed by the author at the 
Engineering Research Center, Arizona State University, Tempe, Arizona, 
during the time period May 1, 1965, through August 31, 1969. The 
research contract was with the Arizona State Highway Department to 
investigate "Stabilization of Chinle Clay by Electro-Osmotic Treatment." 
Funds for the project were provided by the Bureau of Public Roads, 
Department of Commerce, and the Arizona State Highway Department [20, 
21, 23' 24: J Q
Nature of Problem 
A vast extent of Northern Arizona is covered by an expansive mont-
morilloni te claye This formation is called the Chinle claycand has 
approximately 6,000 square miles of surface exposure as shown in 
Figure 9. Throughout this area the clay has many colors ranging from 
light gray to dark purple. Although one will find this material in a 
wide range of colors, the swelling characteristics are quite similar. 
The natural expansive characteristics of the Chinle clay are large, and 
in the past they have caused excessive swelling and heaving in the 
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Figure 9. Map of Arizona Showing Major Chinle Outcrops 
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highway subgrade. This volumetric change has caused damage or failure 
to the wearing surface on existing highways. 
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Recognizing this condition, the Arizona Highway Department has 
made every attempt to control the swelling by preventing the drying of 
the material during the construction program. This requires additional 
work and material, and to date, the method has not been completely 
adequate. 
Geology of the Area and Site 
The highway test section chosen for study is located in North-
eastern Arizona on the Colorado Plateau geological province. The nearly 
horizontal sandstones and shales of Triassic and Jurassic age in this 
area are intermittently covered by thin-bedded Tertiary sandstones and 
shales. This region is characterized by low, broad mesas over-looking 
wide, flat, stream valleys containing Quaternary to Recent sands and 
silt alluvium with low terraces containing a very limited quantity of 
gravel. 
U. s. Interstate 4o traverses primarily the Triassic Chinle forma-
tion as it crosses this area. The Chinle formation is composed of shale, 
clay, sandstone, and minor amounts of limestone [~1]. 
Characteristics of the Chinle formation vary greatly in both the 
physical and chemical aspects. Chinle formation colors include red, 
pink, brown, green, purple, and grey tints. It has been previously 
mentioned that shale, clay, sandstone, and minor amounts of limestone 
are present. Physical and chemical characteristics of sedimentary 
deposits are dependent for the most part on three factors: (1) petro-
graphic features and parent material, (2) method of transportation of 
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sediments, and (J) changes after deposition. Several depositional 
environments are responsible for the characteristics of the Chinle 
formation. It is held that the conditions under which the Chinle was 
deposited were wholly continental--probably those of a well-graded but 
rather arid plain across which streams meandered and on which there were 
perhaps scattered lakes. Conglomerates of resistant materials trans-
ported from a great distance are scarce; hence, it is evident that 
stream gradients were low. Continental origin is evidenced by the 
presence of fresh-water fossils, land vertebrates and the trees of the 
petrified forest. Evidence is present for the existence of a warm 
marine environment in portions of the area in which the Chinle outcrops. 
Montmorillonoid and bentonitic clay minerals are suggestive of volcanic 
activity at the time of the warm marine climate. The alteration of 
volcanic ash in such an environment is favorable to the formation of the 
aforementioned clays [41]. 
In the general area of the test site, the Chinle varies in thick-
ness and has a maximum depth of 1,500 feet. At the test site on 
Interstate ~' the highway is in a 15-foot shale cut. The weathered 
material on the slopes of the cut extends to a depth of about one foot. 
This material has the typical reticulated appearance of an expansive 
clay, weathered in place from the parent material. The underlying 
material is very hard and brittle. The outcrop is fractured, slicken-
sided, and shows no visible bedding planes [41]. 
Field Work - Phase I 
The field work commenced on May 6, 1965, with a visual survey of 
the completed portion of Interstate ~ alignment east of Holbrook to 
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find the most distressed sections of roadway. 
Three sites were chosen from which samples of expansive clay were 
obtained. The locations of these areas are mile posts 325, 345.50, and 
353, respectively. At each of these locations, about two cubic yards 
of disturbed material were obtained from the median with a small back 
hoe shovel. At the same time, the natural moisture content (18.o%) and 
the inplace dry density (104 lbs./ft. 3 ) were determined for future 
work to be performed in the laboratory. Of the three sites sampled, 
it was decided to use mile post 345.50 as the test section [20]. 
Laboratory Work - Phase I 
General 
The purpose and scope of the laboratory section of the electro-
osmotic stabilization study of Chinle Clay has been: (1) to prepare a 
representative sample of Chinle clay for the testing program, (2) to 
perform physical tests to determine the index properties of the material, 
and (3) to determine an electro-osmotic treatment, consisting of charged 
metal electrodes and a water soluble chemical, which when applied to the 
soil will effectively reduce its expansion characteristics. 
Sample Preparation. Starting with the original subgrade soil 
sample obtained from the median, the material was spread in a four-inch 
layer on a concrete surface and allowed to air dry for several days. 
When the soil was dry, it was crushed in a ball mill, passed through a 
#10 sieve and stored in a 64-cubic foot steel bin. At all times, care 
was taken to insure that the total sample was well mixed and uniform 
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when placed in the bin. This enabled a homogenous sample to be obtained 
throughout the testing program [20]. 
Physical Testing. Index properties and grain size distribution of 
the clay were determined first. The material classifies as a CL on the 
Unified Classification Chart and as a A-7-6(16) according to the AASHO 
System. The sample has a LL = 49; PL = 24; PI = 25, and specific 
gravity = 2.81. One hundred per cent of the sample passed the #200 
sieve; the grain size distribution curve is shown in Figure 10 [20]. 
Electro-Osmotic Tube Testing 
4.5 Inch Tube. A procedure was developed to measure the expansive 
pressure of treated samples when allowed access to water. This method 
consisted of mixing 18% distilled water with the untreated soil, and 
statically compacting it into a 4.5 inch diameter by six inch long 
3 Plexiglas tube to a density of 100 lbs./ft. • The tubes were then 
fitted fitted with stoppers and electrodes, and the samples were treated 
electro-osmotically with various chemical solutions as shown in 
Figure 11. 
Following electro-osmotic treatment, the electrodes and material 
within one-half inch of the electrodes was removed and discarded. Both 
ends of the tube containing the remaining treated sample were then 
sealed with a wax and the sample was allowed to cure for one week in a 
moist room. At the end of seven days, the wax was removed and the 
treated sample removed from the Plexiglas tube. The sample was divided 
into two parts representing, respectively, the ends nearest the positive 
and negative electrodes, and a moisture content sample was taken from 
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each end. The remaining material was air dried and pulverized to pass a 
#20 sieve. A portion of the minus #20 material was now prepared for the 
standard one cycle expansion test using the California R-Value test 
procedure. The remaining material was retained and stored for future 
testing. That part of the sample to be tested was mixed with enough 
distilled water to increase the moisture content to 24% and then allowed 
to cure 24 hours. The choice of 24% moisture to be used in testing all 
electro-osmotically treated samples was determined by the Arizona Highway 
Department's one cycle expansive tests on the untreated material. Tests 
on untreated material at various moisture contents indicated that 24% 
moisture was the minimum that could be used in the tests. In tests 
using less than 24% moisture, the expansive pressures were so large that 
they exceeded the capacity of the test apparatus before the final ex-
pansive pressure could be determined. Therefore, in order to compare 
the results of treated samples to the untreated, it was necessary to 
utilize a constant moisture content at which the expansive pressure of 
the untreated material was known. After curing, the treated material 
was compacted to a height of one inch and a density of 100#/ft. 3 in the 
California four-inch diameter R-Value mold with the standard kneading 
compactor. The mold was placed in the standard California expansion 
pressure device and the standard one cycle expansion pressure was 
obtained as shown in Figure 12. 
The expansion pressure tests were conducted at the Arizona Highway 
Department's central laboratory in Phoenix. The results of these tests 
are shown in Appendix A. 
A summary of these tests indicated that using a voltage gradient of 
0.5 to 1.0 volts/inch and a saturated solution of KC! was the most 
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effective treatment to reduce the expansive pressure of the Chinle 
clay [20 ]. 
Laboratory Work - Phase II 
General 
The purpose of laboratory work during Phase II was to determine 
the expansive characteristics of the untreated soil obtained from a new 
test site and to determine the chemical and electrode configuration 
best-suited for the attempted field stabilization of this soil. 
Site Selection and Sampling 
The field work for this study began in July, 1968, with the 
selection of a new test site about one mile east of Holbrook, Arizona. 
The site was located on a section of I-40 which was still in the con-
struction stage. About two cubic yards of disturbed soil were obtained 
from the roadway. The Highway Department transported the sample to 
Arizona State Univ6rsity where it was prepared as before for use in 
laboratory studies [24]. 
Properties of Untreated Material 
Tests were conducted on the clay to determine the index properties 
and the grain size distribution of the material. The sample had a 
LL= 48.5, PL= 24.5, PI = 24, and a specific gravity of 2.74. The 
material classifies as a CL based on the unified classification system, 
and as an A-7-5 according to the AASHO System. The grain size distri-
bution is shown in Figure 13. The expansive pressure at various 
moisture contents was determined and is shown in Figure 14. The 
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equation for this curve was determined to be 
where 
EP(TSF) = 17.14 - 5.21 Ln(MC) (4.1) 
EP(TSF) = expansive pressure in tons per square foot, and 
Ln(MC) = natural logarithm of the per cent moisture content of 
the sample. 
Tube Model Testing of Untreated Material 
To determine the most successful chemical for stabilization of the 
new soil, 25 electro-osmotic tests on J.75-inch diameter tube samples 
were performed. The results of these tests showed that the soil was 
similar to the Chinle clay treated in the past. Therefore, it was 
decided for the field test to use the chemicals that had previously 
shown favorable results [20, 21, 23]. 
In addition to potassium chloride and calcium chloride, a water-
proofing agent, Terebec c7, was also used in the small tube studies 
[24]. 
Various voltage gradients and treatment times were used in these 
tests. The results are listed in Table III. 
Large Model Studies 
In an attempt to simulate field conditions, an analysis of various 
electrode configurations was studied in the laboratory. Based on this, 
it was decided to perform three box model studies on the untreated 
material, and if these proved to be successful, to use the same configu-
rations for the field test. A 15" X JO" X 2411 steel mold was used to 
contain the compacted sample of soil (see Figure 15). Rather than use 
TABLE III 
J.75 11 DIAMETER TUBE MODEL TEST RESULTS 
Treat- Expansive 
Voltage ment Solution Pressure 
Sample Chemical Gradient Time Consump¥on TSF @ Reduction 
No. Solution (V/in) (hrs) (gal/ft ) 20% MC Factor 
Untrea:ted 1.6oo 1.00 
106802A KC1 0.5 100 1.98 .J85 1*.16 
1068o2B 0.5 200 J.6J .192 8.JJ 
1068o2c 0.5 JOO J.52 .095 16.81* 
106802D 1.0 100 2.02 .160 10.00 
106802E 1.0 200 2.90 .121* 12.90 
106802F 1.0 JOO J.91 .120 1J.JO 
106802G 1.5 100 2.11 .108 11*.81 
106802H 1.5 200 2.J1* .105 15.2J 
106802I 1.5 JOO 1*.J6 .092 17.(to 
116808A 1.0 200 1.00 .582 2.75 
1168o8B 1.5 200 1.00 .777 2.06 
106815A 10% CaC1 2 0.5 100 1.57 .891 1.79 
1068o9A 0.5 200 J.1*9 1.167 1.J7 
106811A 0.5 JOO J.81* .696 2.JO 
106815B 1.0 100 1.68 1.075 1.1*9 
1068Q9B 1.0 200 2.02 1.J77 1.16 
106811B 1.0 JOO J.01* .81*2 1.90 
106815c 1.5 100 2.21 .891 1.79 
106809c 1.5 200 J,.08 1.073 1.1*9 
106811C 1.5 JOO 2.1*8 1.JJO 1.20 
10682JA Terebec C7 1.0 100 0.69 1.557 1.0J 
10682JB 1.0 200 0.69 1.1*51 1.10 
Expansive Pressure of Untreated Material @ 1oo#/ftJ 
Reduction Factor = E . p 
&20% "20 
xpansive ressure of Treated Material @ 100#/ftJ 
~ ;. . - - . ... - . 
& 20% "20 
I 
~8 
Figure 15. Steel Mold and Plexiglas Box 
the Plexiglas box inside of the steel mold, as was done in previous 
models, a heavy plastic sheet lining was used to cover the steel mold. 
This eliminated the problem of the Plexiglas separating at the corners 
and allowing the solution to leak out of the model. Since the steel 
mold was used in conjunction with the plastic sheet, little or no 
lateral strain occurred during treatment. 
The preparation of soil for treatment in the model began by ob-
taining a 500-pound representative sample of the previously prepared 
untreated material obtained from the new Interstate 4.o road section. 
This material was divided into 50-pound batches and combined with suf~ 
ficient distilled water to obtain 20 per cent moisture content. The 
moist soil was thoroughly mixed in a paddle mixer and allowed to cure 
for 72 hours in a moist room [20, 21, 23, 24]. 
The sample was then compacted in the plastic-lined steel mold in 
three equal lifts to obtain a depth of ten inches. The lower layers 
were well scarified after compaction to insure that a good bond would be 
obtained with the next higher layer. Compaction was accomplished by 
using a 24" X JO" X J/4" steel loading plate and the J00,000-pound 
Universal testing machine at the Arizona Highway Department Central 
Laboratory. Sufficient load was applied to compact the soil to a 
density of 100 pcf. 
Discussion of Model #10 
Model #10 was constructed so that an electrode configuration in 
which positive and negative electrodes were placed vertically could be 
studied. The compacted soil was prepared for treatment by driving 
9-1/2" X 1/4:" solid steel rods which were used as negative electrodes. 
so 
The first negative electrode was located two inches from the short side 
and five inches from the long side of the model. All other negative 
electrodes were spaced ten inches on center. A single positive elec-
trode was used in this model, and located in the center of the box. To 
install the positive electrode, a two-inch diameter hole was augered to 
a depth of 8-1/2 inches. A 9-1/2-inch long by 1-1/4-inch diameter 
slotted metal pipe was used for the positive electrode. This pipe was 
driven the last one-half inch to insure that it was held firmly in place. 
A sand blank.et was poured in the void between the casing and the com-
pacted soil to provide a uniform medium for flow from the pipe casing to 
the soil. Steel rods identical to the negative electrodes were used for 
resistance measurements (see Figure 16). Finally, the entire surface of 
the model was covered with a thin layer of wax to prevent escape of 
moisture during treatment (24]. 
Testing was started at 12:00 noon on December 1J, 1968. An average 
voltage gradient of one volt per inch was established by placing a 
potential of 14 volts across the model. The solution well was filled 
and, thereafter, the saturated potassium chloride solution was added 
periodically to keep the well filled. On December 27, 1968, the test on 
Model #10 was completed. 
Table IV shows the moisture contents of the samples when removed 
from the model, and the expansive pressures of these treated specimens. 
Discussion of Model #11 
Due to technical difficulties, Model #11 was assembled but not 
tested or sampled. 
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Figure 16. Box Model #10 
Sample 
No. 
1001 
1002 
1003 
1004 
1005 
1006 
1007 
1008 
1009 
1010 
1011 
1012 
1013 
1014 
1015 
1016 
1017 
1018 
1019 
1020 
1021 
1022 
1023 
1024 
1025 
1026 
1027 
1028 
1029 
1030 
1031 
1032 
1033 
1034 
1035 
1036 
1037 
Untreated 
TABLE IV 
FINAL MOISTURE CONTENT, EXPANSIVE PRESSURE, AND 
REDUCTION FACTOR OF SAMPLES (Model #10) 
Expansive 
Final MC Pressure 
in Model TSF@ 
96 20% MC 
19.3 .173 
.158 
22.0 .142 
23.9 .386 
24.6 .047 
21.6 .082 
23.0 .199 
24.8 .565 
28.0 .788 
27.4 .750 
20.6 .484 
21.4 .445 
22.1 .208 
24.8 .521 
32.4 .665 
27.5 .774 
23.8 .129 
28.4 .654 
26.1 .524 
23.0 .145 
28.8 .790 
22.5 .115 
26.4 • 137 
24.2 .080 
21.1 .099 
20.6 .074 
22.3 .049 
23.8 .538 
22.7 .134 
22.0 .082 
22.2 .134 
22.8 .376 
23.4 .041 
24.4 .076 
21.4 .027 
24.4 .539 
23.6 .457 
1.6oo 
Reduction Factor = E~ansive Pressure of Untreated Material* Expansive Pressure of Treated Material* 
*@100#/ft~ and 20% H20 
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Reduction 
Factor 
9.25 
10.01 
11.25 
4.15 
34. 10 
19.50 
8.04 
2.84 
2.04 
2.14 
3. 31 
3. 6o 
7.70 
3.07 
2.41 
2.07 
12.40 
2.45 
3.06 
11.00 
2.03 
13.90 
11.66 
20.00 
16.16 
21.6o 
32.70 
2.97 
11.90 
19.50 
11.90 
4.26 
39.00 
21.10 
59.30 
2.97 
3.51 
1.00 
Discussion of Model #12 
Model #12 was constructed to study treatment effects due to an 
electrode configuration of vertical anodes and a horizontal cathode. 
The model was prepared in the same way as Model #10. 
5.3 
The compacted soil was prepared for treatment by installing the 
electrodes according to Figure 17. The cathode was installed by cutting 
a groove four inches deep parallel to the long side of the model. The 
cathode was a 2811 X 1/411 steel bar that had a riser on one end to make 
the electrical connection. The cathode was placed, covered, and the 
soil above it was recompacted. Three positive electrodes were used in 
this model and located along the JO" side of the box. To install the 
positive electrodes, two-inch diameter holes were augered to a depth of 
8-1/2 inches. Slotted metal pipes, 9-1/2-inch long by 1-1/4-inc~ 
diameter, were used for positive electrodes. These pipes were driven 
the last one-half inch to insure that they were held firmly in place. 
A sand blanket was poured in the void between the casing and the 
compacted soil to provide a uniform medium for flow from the pipe casing 
to the soil. 
Testing was started at 9:30 a.m., January 24, 1969. A voltage 
gradient of one volt per inch (20 volts total) was applied to the model 
and the solution wells were then filled with saturated potassium 
chloride solution. Potassium chloride solution was added periodically 
to keep the wells filled. The test on Model #12 was completed on 
February 7, 1969 (24-]. 
A listing of the moisture contents of the samples when removed from 
the model and the results of expansive pressure tests are found in 
Table V. 
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Figure 17. Box Model #12 
CW) 
Sample 
No. 
1201 
1202 
1203 
1204A 
1204B 
1205A 
1205B 
1206A 
1206B 
1207A 
1207B 
1208A 
1208B 
1209A 
1209B 
1210A 
1210B 
1211A 
1211B 
1212 
1213A 
1213B 
1217A 
1217B 
1218A 
1218B 
1219A 
1219B 
1220A 
1220B 
1221A 
1221B 
1222A 
1222B 
1223A 
1223B 
1224A 
1224B 
1225A 
1225B 
TABLE V 
FINAL.MOISTURE CONTENT, EXE'ANSIVE PRESSURE, AND 
REDUCTION FACTOR OF SAMPLES (Model #12) 
Expansive 
Final MC Pressure 
in Model TSF @ 
% 20% MC 
20.6 .421 
22.6 .329 
23.3 .647 
26.1 .196 
23.1 .940 
31.0 .381 
21.3 1.363 
32.6 1.187 
24.1 .895 
23.9 .080 
21.5 .830 
24.4 .143 
21.3 .927 
28.1 .387 
23.2 .973 
32.9 1.460 
23.9 1.541 
33.9 1.395 
23.8 .891 
25.5 .940 
25.5 .206 
1.164 
24.1 .115 
23.1 .336 
24.1 .141 
23.2 .654 
·24.8 .258 
23.9 .859 
22.5 .141 
23.1 .696 
23.3 .209 
22.2 .745 
26.8 .778 
25.2 1.200 
30.1 .485 
25.3 1.610 
29.3 .591 
27.3 1.168 
21.8 .059 
21.6 .179 
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Reduction 
Factor· 
3.80 
4.86 
2.47 
8.17 
1.70 
4.20 
1.17 
1.35 
1.79 
20.00 
1.93 
11.19 
1.72 
4.14 
1.65 
1.09 
1.04 
1.15 
1.80 
1. 71 
7. 77 
1.37 
13.90 
4.76 
11.4o 
2'.45 
6.20 
1.86 
11.34 
2.30 
7.66 
2.14 
2.06 
1.33 
3.30 
1.00 
2.70 
1.37 
27.20 
8.94 
Sample 
No. 
1226A 
1226B 
1227A 
1227B 
1228A 
1228B 
1229A 
1229B 
Untreated 
Reduction Factor 
TABLE V (Continued) 
Expansive 
Final MC Pressure 
in Model TSF @ 
% 20% MC 
22.4: .105 
24:. 4: .895 
22.8 .04:6 
25.5 .4:51 
29.2 .368 
26.3 .352 
30.2 .4:62 
19.2 .761 
1.600 
= Expansive Pressure of Untreated Material* 
Expansive Pressure of Treated Material* 
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Reduction 
Factor 
15.20 
1. 79 
34:.85 
3.55 
4:.36 
4:.56 
3.4:7 
2.11 
1.00 
Discussion of Model #13 
Model #13 was constructed to study the effectiveness of treatment 
using an electrode configuration consisting of a horizontal positive 
electrode and horizontal negative electrode. 
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The compacted soil was prepared for treatment by installing the 
electrodes according to Figure 18. The negative electrodes were in-
stalled by cutting a groove four inches deep parallel to the long side 
of the model. These three electrodes were 9" X 1/l.i:" steel bars with a 
riser on one end to make the electrical connectionso The negative 
electrodes were placed, covered, and the soil was replaced and re-
compacted. The positive electrode was installed in a manner similar to 
that of the negative electrodes. A groove four inches deep and parallel 
to the negative electrodes was cut. This groove was cut 20 inches away 
from the negative electrodes. The positive electrode was a 29" X 1-1/l.i:" 
steel pipe with risers on each end. One riser would serve as the 
electrical connection and the other was for addition of solution. 
Eighteen 9-1/2" X 1/l.!: 11 steel bars were placed on two inch centers across 
the model in order to obtain resistivity measurements at these points. 
The test began at 10:30 aom., April 3, 1969. A voltage gradient 
of one volt per inch (20 volts total) was applied to the model and the 
solution well was then filled with saturated potassium chloride solution. 
Potassium chloride solution was added periodically to keep the well 
filled. Testing on Model #13 was completed on April 21, 1969 [21.i:]. 
Thirty samples were obtained for moisture content determination and 
expansive pressure testing. Table VI contains the results of the ex-
pansive pressure tests as well as the initial moisture contents of the 
treated material when it was removed from the modelo 
Na 
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Figure 18. Box Model #13 
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Sample 
No. 
1301 
1302 
1303 
1304 
1305 
1306 
1307 
1308 
1309 
1310 
1311 
1312 
1313 
1314 
1315 
1316 
1317 
1318 
1319 
1320 
1321 
1322 
1323 
1324 
1325 
1326 
1327 
1328 
1329 
1330 
Untreated 
TABIE VI 
FINAL MOISTURE CONTENT, EXPANSIVE PRESSURE, AND 
REDUCTION FACTOR OF SAMPLES (Model #13) 
Expansive 
Final MC Pressure 
in Model TSF @ 
% 20% MC 
24.o .052 
26.8 .220 
28.8 .562 
30.5 .595 
30.1 .4oo 
24.o .069 
29.2 .280 
28.0 .268 
30.1 .584 
28.2 .374 
23.8 .o48 
25.9 .298 
29.0 .580 
29.8 .550 
26.6 .376 
24.6 .102 
25.8 .151 
29.0 .6oo 
30.5 .520 
28.4 .409 
23.2 .089 
24.9 .087 
28.6. .415 
30.3 .590 
31.1 .56o 
23.0 .071 
24.9 .061 
25.0 .067 
29.7 .390 
31.3 .486 
1.6oo 
R d t. F t Expansive Pressure of Untreated Material* 
e uc ion ac or= Expansive Pressure of Treated Material* 
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Reduction 
Factor 
30.80 
7.28 
2.85 
2.69 
4.oo 
23'.20 
5.71 
5.96 
2.74 
4.28 
33.40 
5.36 
2.76 
2.91 
4.26 
15.65 
10.6o 
2.66 
3.08 
3.92 
18.00 
18.40 
3.86 
2.72 
2.86 
22.50 
26.25 
23.85 
4.10 
3.29 
1.00 
6o 
Summary 
Table VII is a summary of the general treatment data for the large 
model tests. The average reduction factors obtained from the expansive 
pressure tests indicate that Model #10 and Model #1J had quite good 
overall treatment while Model #12 had less favorable results. 
Field Work - Phase II 
General 
The scope of the field portion of the electro-osmotic stabilization 
of Chinle clay, for this phase, was as follows: 
(1) To choose a new test site on an unpaved section of I-'*<> near 
Holbrook, Arizona, and obtain a representative sample of the 
expansive soil. 
(2) To design, install, and operate a full-scale field test on 
the test section. 
(J) To sample the electro-osmotically treated section. 
Site Selection and Sampling 
The field work for this study began in July, 1968, with the 
selection of a new test site east of Holbrook. The site is located on a 
section of I-'*<> which was still in the construction stage. About two 
cubic yards of disturbed soil were obtained from the roadway. The 
Highway Department transported the sample to Arizona State University 
where it was prepared and used in laboratory studies. 
Item 
Dry Density 
Initial Moisture Content 
Chemical Solution 
Electrode Configuration 
Voltage Gradient 
Quantity of Solution Used 
Treatment Time 
Reduction Factor 
TABIE VII 
SUMMARY OF GENERAL DATA FOR BOX MODEL TESTS 
Model #10 
100 pcf 
19.8% 
Saturated KC 1 
Vertical Positive 
and Negative Steel 
Electrodes 
1.0 V/in 
1.53 gal/ftJ 
14 days 
5.11 average 
of 37 samples 
Model #12 
100 pcf 
20.1% 
Saturated KC1 
Vertical Positive 
Steel Electrodes, 
Horizontal Negative 
Steel Electrode 
1.0 V/in 
0.836 gal/ft3 
14 days 
Part A 
J.89 average of 
26 samples 
Part B 
1.99 average of 
26 samples 
Total model 
2.55 average of 
48 samples 
100 pcf 
19.7% 
Model #13 
Saturated KC1 
Horizontal Positive and 
Negative Steel Electrodes 
1.0 V/in 
1.J4 gal/ft3 
18 days 
4:.87 average 
of JO samples 
O'I 
.... 
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Field Test 
Design. The highway field installation was designed to reproduce 
the electrode configurations of large model studies 10, 12, and 1J. To 
this end, a design was chosen that incorporated the desirable character-
istics of a model study with the realities of conducting the work in the 
field on a much larger scalee 
It was decided not to treat the soil to a depth greater than three 
feet below top of subgrade. This decision resulted from the Arizona 
Highway Department's lime ponding study in the same general area. The 
Highway Department found that there was no significant change in water 
content of the Chinle clay three feet below a lime water pond treatment 
of subgrade thirty days after the pond had been constructed. 
The electrode configuration of laboratory model 10 was used on two 
19-foot square sections of the highway. The injection well for each 
section was designed as a 10-inch diameter, J-1/2-foot deep bored hole 
with a 6-inch diameter, one-fourth inch wall, steel pipe placed in the 
center of the hole. The area between the pipe and the hole was filled 
with a sand filter. The bottom three feet of the pipe was slotted to 
allow the solution to move uniformly into the sand filter and ultimately 
into the Chinle clay. A number six rebar was chosen for negative 
electrodes and resistivity measurement bars. For a plan view of the 
field test see Figure 19, Section 11 Ao 11 
The electrode configuration of laboratory model 12 was used on a 
19 X 20-foot section of the highway. Three injection wells similar to 
those in Section 11 A11 were used. Three 10-foot long number six rebars 
bent four feet from one end were used as negative electrodes. A trench 
two feet deep was cut and the three electrodes were then spaced evenly 
SECTION ·c• 
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REBAR 
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3'-0DEEP 
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Figure 19. Electro-Osmotic Test Section 
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in the trench with the four-foot riser protruding above ground for the 
electrical connection. After the negative cathode had been placed, the 
trench was backfilled with clay and recompacted to approximately the 
inplace density of the surrounding material. Resistivity bars similar 
to those of Section "A" were placed as shown in Figure 19, Section 11B11 
The electrode configuration of laboratory model 13 was used on a 
19 X 20-foot section of the highway. A single 20-foot-long, 6-inch 
diameter, 1/4-inch steel-wall pipe, slotted the entire length, with 
risers on each end, was used as the positive electrode. This electrode 
was placed in a two-foot-deep trench and covered with a sand blanket. 
Then the trench was backfilled with clay and recompacted to approximately 
the same inplace density as the surrounding material. The negative 
electrodes and resistivity bars were identical to those of Section 11B," 
see Figure 19, Section 1,1c." 
With.the structural components of the installation fixed, the 
chemical and electrical aspects of the problem were studied. 
The quantity of solution necessary to complete the field test was 
estimated from performance of the models. The models indicated that 
8,ooo, 4,ooo, and 4,ooo pounds of potassium chloride would be needed for 
Sections A, B, and c, respectivelyo The 16,000 pounds of chemical was 
mixed at the: ratio of 100 pounds of potassium chloride to 6o gallons of 
water, or approximately two gallons of solution per cubic foot of soil 
to be treated [24]. 
Since it was not possible to apply a different voltage to each of 
the three sections, it was decided to use a potential difference of 100 
volts, or approximately one volt per inch in Section "A" and four-tenths 
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of a volt per inch in Sections B and c. The current necessary necessary 
to maintain this potential was known from previous tests to be well 
within the capacity of the 120 volt/500 amp direct current diesel-driven 
generator which was used in the May, 1967, field test [21]. 
Solution Consumption 
A total of 3150 gallons of potassium chloride solution was used in 
the three treated sections. The distribution of solution was as 
follows: 
Field Samplin9 
Section A 
Section B 
Section C 
Goo gallons 
550 gallons 
2,000 gallons 
A total of 185 six-inch auger samples were obtained from the three 
electro-osmotically treated sections. The distribution was as follows: 
Section A 83 samples 
Section B 48 samples 
Section C 54 samples 
The location of the samples is shown in Figure 20. At each location 
two representative samples, one from 0 1 611 to 2 10 11 and the second 
2'011 to 3 1 611 were obtained. In addition, at several selected points, 
samples representative of 3 1 6 11 to 9'011 were obtained [24]. 
LEGE NO 
+ SAMPLE LOCA TlON 
19 SAMPLE NUMBER 
SECTiON ·c• SECTION •a• 
+88 +76 +64 +52 
+87 -1-75 +63 +51 
-t-86 +74 +62 +50 
+85 +73 + 61 +49 
+84 -+ 72 + 60 +48 
+83 + 71 + 59 +47 L .a. + 70 + 58 +46 +81 +69 + 57 +45 
+eo +68 + 56 +44 
+79 +67 + 55 "t43 
+78 1' 66 + 54 +42 
+77 +65 + 53 +4 
+28 +4 
+27 +39 
+26 +38 
+25 
+24 +37 
+23 + 36 
.f2a 35 
+ + '.t + + ii+21 T33323130 9 
SCALE: r • 6157' 
r 
SECTION "A" 
+14 +6----
+13 + 5 
+12 +4 
+11 + 3 
+10 2 
+9 + 
+e+ 1 
_-t_ -t. + + + .. +1 
201918171615 
Figure 20. Electro-Osmotic Treated Section Test Section Sampling Plan 
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General 
Field Test Results, Summary, and Conclusions 
- Phase II 
This section is divided into the following three parts: 
(1) A presentation of expansive pressure results on samples 
taken from the field test area of May, 1969. 
(2) A summary of important results for laboratory and field work 
during Phase II. 
(J) Conclusions that became apparent from laboratory and field 
work during Phase II. 
Field Test Results 
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Preparation of Field Test Samples. Samples obtained from the field 
test site were delivered to Arizona State University Soils Laboratory 
where they were prepared in the following manner. 
Soil samples were removed from their sacks and spread in a thin 
layer on a concrete surface and allowed to air dry for several days. 
Each sample was then split twice to obtain a representative sample of 
approximately 1000 grams. The remaining portion was replaced in the 
sack for storage. The sample of approximately 1000 grams was ground in 
a mortar with a rotating rubber pestle attached to a drill press. This 
material was broken down to pass a number 10 sieve and stored for 
future testing [24]. 
Expansive Pressure Testing of Field Test Samples. The procedure 
followed for this test was to obtain a representative 500-gram sample 
from the previously dried and prepared soil. The material was mixed to 
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20% moisture and allowed to cure in a moist room overnight. Sufficient 
soil was compacted into a one-inch-thick sample in the R-value mold at 
100 pounds per cubic foot dry density and then placed in the expansive 
pressure device (see Figure 12). The water content of the sample was 
checked by oven drying a portion of the 500-gram soil not used in the 
expansive pressure device. The expansive pressure test was run 
according to Test Method No. Calif. 301-F, Part IV, "Method of Determin-
ing the Expansive Pressure of R-value Test Specimens. 11 
Results of expansive pressure tests from each of the three treat-
ment sections are listed in Tables VIII through X. 
The deep samples denoted as "b" had no expansive pressure because 
these samples contained large amounts of sand. 
In Tables VIII through X, the variation in expansive pressures of 
samples from each section may be seen. Samples from Section 11A11 had 
expansive pressures varying from 0.032 TSF to above 0.7 TSF with an 
average of 0~450 TSF. Samples from Section 11 B11 had expansive pressures 
varying from 0.106 TSF to above 0.65 TSF with an average of 0.~26 TSF. 
Samples from Section 11C11 had expansive pressures varying from 0.135 TSF 
to less than o.6 TSF with an average of 0.385 TSF. These variations in 
expansive pressure for each test section may be seen graphically in 
Figures 21 through 27. The expansive pressure as a function of position 
between anode and cathode is plotted for the two different depths of 
samples. Note that samples from Test Section 11 A, 11 Figures 21 through 
23 have rather low expansive pressure near the anode; however, the 
expansive pressure of samples increases as distance from the anode 
increases. This is an indication that the chemical solution had not 
migrated completely through the soil. Figures 2~ and 25 show that 
TABLE VIII 
FIELD TEST -- SECTION A 
EXPANSIVE PRESSURE 
E:x;pansi ve Reduction Pressure. Sample TSF Factor 
1 .032 50.20 
1A .279 5.75 
1B 
2 .542 2.96 
2A .359 4.46 
3 .504 3.18 
3A .538 3.01 
4 .530 3.02 
4A .708 2.27 
5 .248 6.46 
5A .473 3.39 
6 .627 2.56 
6A .656 2.44 
7 .108 14.20 
7A .188 8.50 
8 .285 5.62 
8A 
.355 4.52 
9 .524 3.06 
9A .418 3.83 
9B 
10 .372 4.30 
10A .644 2.49 
11 .564 2.84 
11A .624 2.56 
12 .493 3.25 
12A .580 2.76 
13 .469 3.42 
13A .650 2.46 
14 .525 3.05 
14A .614 2.61 
15 .127 12.60 
15A .302 5.30 
16 .385 4.16 
16A .566 2.82 
17 .505 3.17 
17A .515 3.11 
18 .380 4.21 
18A .596 2.68 
19 .534 3.00 
19A .475 3.37 
20 .441 3.63 
20A .579 2. 77 
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TABLE VIII (Continued) 
Expansive 
Reduction Pressure Sample TSF Factor 
21 .112 14:.JO 
21A .2J8 6. 73 
22 .4:4:5 J.60 
22A .4:71 J.l.i:o 
2J .J18 5.04: 
2JA .4:19 J.82 
24: .25J 6.Jl.i: 
2l.i:A .581 2.76 
25 .JJ5 L.i:.78 
25A .689 2.JJ 
26 .711 2.25 
26A .64:6 2.4:8 
27 .592 2.71 
27A .676 2.J7 
28 .4:68 J.4:2 
28.1\ .622 2.57 
29 .097 16.50 
29A .209 7.66 
JO .4:26 J.76 
JOA .4:86 J.29 
J1 .5J1 J.02 
J1A .l.i:7J J.J9 
J2 .620 2.58 
J2A .6o7 2.64: 
JJ .598 2.68 
JJA .4:26 J.75 
Jl.i: .4:12 J.88 
Jl.i:A .598 2.68 
J5 .110 14:.50 
J5A .227 7.06 
J6 .JOO 5.Jl.i: 
J6A .J52 L.i:.55 
J7 .4:52 J.52 
J7A' .4:17 J.84: 
J8 .JJ5 L.i:.76 
J8A .525 J.05 
J8B 
J9 .4:J6 J.67 
J9A .J78 l.i:.2J 
l.i:o .507 J.16 
40A .5J2 J.01 
R t . F t EXJ?ansive Pressure of Untreated Material* educ ion ac or = E . f T t d M t · 1 xpansive Pressure o rea e a eria 
*@100 pcf and 20% H2o 
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TABLE IX 
FIELD TEST -- SECTION B 
EXPANSIVE PRESSURE 
¢xpansive Reduction Pressur~' Sample·· 
'l'SF Factor 
l..1 .216 7.L..1 
l..1A .526 J.Ol.i: 
42 .199 8.05 
42A .562 2.84 
43 .441 3.63 
43A .584 2.74 
44 .476 3.36 
44A .499 3.21 
45 .370 4.33 
45A .498 2.68 
46 .244 6.55 
46A .677 2.36 
47 .493 3.24 
47A .430 3.72 
48 .372 4.30 
48A .572 2.79 
49 .292 5.L..7 
49A .408 3.92 
50 .558 2.86 
50A .506 3.16 
51 .471 3.39 
51A .502 3.19 
52 .24o 6.67 
52A .56o 2.86 
53 .222 7.21 
53A .464 3.45 
54 .318 5.04 
5l.i:A .553 2.89 
55 .313 5.11 
55A .491 3.25 
56 .298 5.36 
56A .538 3.97 
57 .238 6.72 
57A .46o 3.48 
58 .223 6.18 
58A .331 4.84 
59 .106 15.10 
· 59A .376 4.26 
6o .316 5.06 
6oA .6o1 2.66 
61 .276 5.80 
61A .484 3.31 
Sample 
62 
62A 
63 
63A 
64 
64A 
Reduction Factor 
TABIE IX (Continued) 
Expans~ve 
Pressure 
TSF 
.501 
.577 
.397 
.544 
.523 
.493 
=Expansive Pressure of Untreated Material* 
Expansive Pressure Treated Material* 
Reduction 
Factor 
3.19 
2.77 
4.o4 
2.94 
3.06 
3.24 
72 
73 
TABI.E X 
FIELD TEST -- SECTION C 
EXPANSIVE PRESSURE 
E,xpansive Reduction Pressure·! Sample TSF Factor 
65 .255 6.27 
65A .4/:JJO J.64: 
66 .4:B9 3.2B 
66A .4:oo 4:.oo 
67 .4:11 3.B9 
67A .590 2.72 
6B .JBO 4:.21 
6BA .4=BB 3.27 
6BB 
69 .4:22 J.Bo 
69A .229 7.00 
70 .4:06 3.94: 
70A .4:97 J.22 
70B 
71 .JB5 4:.16 
71A .392 4=.oB 
72 .JOO 5.33 
72A • 4:4:B 3.57 
73 .3B9 4:.12 
73A .503 J.1B 
7JB 
74: .123 13. 00 
74:A .4:72 J.4:o 
75 .232 6.90 
75A .34:2 4=.6B 
76 .223 7.1B 
76A .350 4:.57 
77 .51B 3.10 
77A .4:10 3.91 
7B .4:21 J.Bo 
7BA .4:50 3.56 
79 .4:90 3.27 
79A .4:30 3.72 
79B 
Bo • 4:4:4: J.61 
BOA • 4:4:4: 3.61 
B1 .4=5B 3.50 
B1A .4:11 3.90 
B2 • 4:04: 3.96 
B2A .4:32 3.72 
B2B 
Sample 
83 
83A 
84: 
84:A 
85 
85A 
85B 
86 
86A 
87 
87A 
88 
88A 
Reduction Factor 
TABLE X (Continued) 
Expansive 
Pressure 
TSF 
.350 
.4:72 
.281 
.4:55 
.24:6 
.385 
.227 
• 4:54: 
.312 
.357 
.135 
.322 
= E.xpansive Pressure of Untreated Material* 
Expansive Pressure of Treated Material* 
74: 
Reduction 
Factor 
4:.56 
3.39 
5.70 
3.52 
6.51 
4:.16 
7.06 
3.54: 
5.13 
4:. 4:8 
11.so 
4:.97 
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expansive pressures in Test Section 11B11 were more uniform throughout the 
distance between the anode and cathode. Expansive pressures varied 
widely, but they do not go from low values at the anode to high values 
at the cathode. Figures 26 and 27 show that expansive pressure results 
from Test Section 11C11 were considerably more uniform than those from 
Test Sections 11 A11 or 11B. 11 Expansive pressures for Test Section 11C11 
samples are grouped very closely. This is an indication that the 
horizontal anode and cathode configuration produces a more uniform dis-
tribution of solution. 
Table XI contains a summary of expansive pressures and reduction 
factors for the three test sections. Note that the samples for Test 
Section 11B, 11 , 0 1-611 to 2'-011 , had an average expansive pressure of 
0.338 TSF while samples for 2'-011 to 3'-611 had an average expansive 
pressure of 0.514. The deeper samples had an average expansive pressure 
considerably higher than the shallow samples. From Table IX, it may be 
seen that only two samples from the 2'-011 to 3 1 -611 depth had lesser 
expansive pressures than those of the 0 1 ~611 to· 2 1 -011 depth samples 
directly above. A similar effect took place with the vertical anodes 
and horizontal cathode model study. (See discussion of Box Model #12.) 
Test Section 11C11 samples had average expansive pressures of 0.346 and 
0.424 TSF for the 0 1-611 to 2 1 -011 and 2 1-011 to 3'-611 depth samples, 
respectively. This is considerably more uniform than was the case for 
Test Section 11B." Note that the average reduction factor for Test 
Section "C" is much better than those of Sections 11 A11 and 11B. 11 Average 
reduction factor for Section 11C11 is 4.16 while Test Sections 11A11 and 11B11 
yielded reduction factors of 3.55 and 3.75. These results also show 
Test 
Section 
A 
A 
B 
B 
c 
c 
Untreated 
TABLE XI 
AVERAGE EXPANSIVE PRESSURES AND REDUCTION FACTORS FOR FIELD TEST SAMPLES 
Number o:f Depth 
Samples (:ft) 
4o 0 1-611--2 1-011 
4o 2'-011--3 1 -611 
24 0 1-611--2 1 -011 
24 2'-0"--3 1 -611 
24 0 1 -611--2 1 -011 
24 2'-0"--3 1-611 
Average 
E:x:pansi ve 
Pressure 
(TSF) 
.4o6 
.492 
.338 
.514 
.346 
.424 
1.Goo 
Average 
Section 
E:x:pansi ve 
Pressure 
(TSF) 
.450 
.426 
.385 
Average Reduction Factor Average Expansive Pressure o:f Untreated Material* Averag_e Expansive. Pr.e.s.s.ur..e. .o.:f_ .Tr.eat.e.d Material* 
* @100 pc:f and 20% H2o. 
Average 
Section 
Reduction 
Factor 
3.55 
3.75 
4.16 
00 
\.N 
that Section 11C, 11 which utilized the horizontal anode and cathode, was 
superior to the other configurations. 
Summary 
81* 
From expansive pressure tests performed on the soil treated in the 
3-75-inch diameter tube models, it was determined that potassium 
chloride (KCl) was far superior to calcium chloride as a stabilizing 
agent. This result agreed with that of past work done on the Chinley 
clay by the author. It was decided to use KCl on the proposed large 
models and the subsequent field test. 
Three electrode configurations were proposed and tested in Box 
Models #10, #12, and #13. Expansive pressure results indicated that 
Model #10 (vertical anode and cathode) and Model #13 (horizontal anode 
and cathode) had quite good overall treatment while Model #12 gave less 
favorable results. 
A field test was designed to reproduce the electrode configurations 
of Box Models #10, #12, and #13. Expansive pressure results of the 
samples taken from the field test area and visual observation of salt 
crystals at the cathode indicate that Test Section 11C11 (horizontal anode 
and cathodes) was the most effective [24]. 
Conclusions 
Several conclusions appeared to be justified by the laboratory and 
field work. 
(1) Electro-osmotic treatment and the base exchange of ions can be 
successfully applied to highway projects. 
(2) Potassium chloride is the most effective chemical for 
treating Chinle clay. 
(J) The horizontal anode and cathode arrangement is, by far, 
superior to other anode-cathode arrangements based on the 
rate at which solution was consumed in the May, 1969, field 
test and the overall reduction in e:X:pansive pressure of the 
treated materialo 
(4) Approximately 1o5 gallons of potassium chloride solution are 
necessary to stabilize a cubic foot of Chinle clay. This is 
based on the 2000 gallons of solution consumed by Test 
Section 11C11 during the May, 1969, field test. 
(5) A treatment time of approximately one week for a horizontal 
spacing of 20 feet between anode and cathode may be used as 
a general guideline [24]. 
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CHAPTER V 
LABORATORY TESTING 
General 
The testing program conducted during this study was a continuation 
of the electro-osmotic testing developed at Arizona State University. 
The primary purpose of this.research was to develop an equation that 
would describe the expansive pressure of a montmorillonite clay when the 
factors which affect its expansive characteristics were allowed to vary. 
The factors deemed to be of primary importance were density, per cent 
montmorillonite, degree of saturation and time of electro-osmotic treat-
ment. An experiment was designed in which four levels of each of the 
variables were included; this would have required 256 tests. However, 
by a statistical technique of confounding the variables, it was necessary 
to only perform 64 tests in order to obtain the information desired. 
The determination of the four levels of each variable was a matter of 
extensive consideration and discussion. It was concluded that site 
foundation problems ari"sing from expansive montmorillonic clays exist 
when the percentage of montmorillonite lies somewhere between 10 and 
4-0 per cent. It is this range of montmorillionite that would give the 
most problems to a practicing engineer. Therefore, 10, 20, 30, and 4-0 
per cent montmorillonite were used in this study. The montmorillonite 
used was a commercial product which was sold under the trade name of 
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Magcogel. The remainder of the sample was made up of kaolin. This clay 
was also a commercially produced material and sold under the trade name 
of National Lead, Edgar Plastic Kaolin. Kaolin was chosen as the filler 
material because: (1) it is a non-expansive clay mineral and, therefore, 
would not influence the effect of the electro-osmotic treatment, and 
(2) it was fine-grained and plastic, making it easy to compact and trim 
samples for both the electro-osmotic tests and the expansive pressure 
tests. The Standard Proctor Compaction Test showed the maximum density 
to be about 77#/ft. 3 for the four combinations of montmorillonite and 
kaolin. Therefore, it was decided to select 70, 75, Bo, and 
85#/ft. 3 as the levels of density. The degree of saturation was the 
next variable to be studied and the limitation of equipment was the 
determining factor for this parameter. It was found that below 60 per 
cent saturation, the static load required to compact the sample was so 
large that the Plexiglas tube would fail. Above 90 per cent saturation, 
there was squeezing of the sample around the plunger. Therefore, it was 
decided to vary the degree of saturation from 6o to 90 per cent in even 
10 per cent increments. Treatment times of one, .two, three, ~d four 
days were adopted in the belief that differences in the results obtained 
would be significant and of sufficient range to be of value in de~ 
tennining the minimum time requirement. 
Sample Preparation 
On Friday morning of each week, twelve samples were prepared for 
the following week's testing. This consisted of weighing out the 
correct percentage of montmorillonite and kaolin, placing the well-mixed 
samples in a flat pan and sprinkling the required amount of water on top 
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of the sample. A plastic bag was then placed over the sample and the 
weight was recorded. The samples were then allowed to cure for 72 hours 
until Monday morning. The sample was re-weighed and any moisture loss 
was added to bring the sample up to the desired moisture content. The 
sample was then thoroughly mixed and the required amount of wet material 
was weighed into the 8-inch by J.75-inch round Plexiglas tubeo The 
material was then statically compacted to a height of ~.o inches to 
obtain the desired density and degree of saturation. When all 12 samples 
had been compacted in this manner, the steel electrodes were attached to 
both ends of the sample and an average voltage gradient of one volt/inch 
was applied using a constant voltage D. c. power source. A saturated 
solution of potassium chloride was maintained at the anode throughout 
the testing program. 
Sample Testing 
At the end of electro-osmotic testing, the sample was extruded from 
the Plexiglas tube using a hydraulic jack. The plunger was always 
placed on the cathode side of the sample and the sample was removed 
in this manner. This procedure caused as little disturbance as possible 
near the anode. Once the sample had been removed from the tube, the 
top one-half inch near the anode was removed and discarded. From the 
remaining material, a sample was trimmed into a standard 1-inch by 2.5-
inch diameter consolidation ring. Tne sample was weighed and a moisture 
content of the trimmings was obtained. The sample was then placed into 
an Anteus Model A Air Pressure Consolidometer. The initial height was 
recorded and the head seated onto the sample. The chamber was then 
flooded and, as the sample attempted to swell, an additional load was 
applied to maintain zero vertical strain within ± 0.001 of an inch. 
Generally, no pressure adjustment was required after approximately 
four hours; however, the test was continued for 2~ hours before the 
final reading was recorded. 
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In this manner, 6~ original and 16 randomly selected repeat samples 
were tested. The results of these tests are found in Table XII. 
In addition to the electro-osmotic treated samples, the expansive 
pressures of 16 untreated samples were determined in a similar manner. 
The results of these tests are shown in Table XIII and Figure 28. From 
Figure 28 it can be seen that as the degree of saturation is increased, 
the expansive pressure of the montmorillonite decreases. Also, for a 
constant degree of saturation, the higher the percentage of montmorillon-
i te, the higher the expansive pressure. These results appear reasonable 
and one would expect to determine similar results at various densities 
for this combination of clays. 
X-Ray Diffraction 
To provide information concerning the effects of the treatment on 
the mineralogical characteristics, eight X-Ray Diffraction Tests were 
performed on selected treated and untreated samples. The samples 
chosen were four untreated samples--one for each level of per cent 
montmorillonite; also, four treated samples at the same level of 
montmorillonite. The results of these tests are shown in Figures 29 
through 32. It can be clearly seen from these figures that the primary 
montmorillonite peak has been greatly reduced or completely destroyed 
in the treated sample. This confirms that the method of treatment is 
very effective in changing the basic clay material which will have the 
desired effect of reducing the expansive pressure of montmorillonite 
clay. The reason that the potassium ion is so effective is that this 
ion has almost the correct size and coordination properties to fit on 
the basal oxygen sheet of the montmorillonite clay mineral. As a 
consequence, the potassium ion will relatively easily enter the basal 
sheet, thereby changing the highly expansive characteristics of the 
montmorillonite mineral to some other clay mineral that has less 
pronounced expansive properties. 
TABLE XII· 
EXPANSIVE PRESSURE OF ELF.cTRO-OSMOTIC TREATED SAMPIES 
Initial Initial Final 
Treatment Montmor- Degree Initial Moisture Final Moisture Expansive 
Sample Time illoni te Kaolin Saturation Densiy Content Density Content Pressure 
No. Hrs. % % % #/ft. % #/ft.3 % TSF 
1 24: 10 90 6o 70 J2.9B 73.4: J4:.90 0.558 
2 24: 10 90 70 Bo 28.95 BJ.7 J0.26 1.174: 
J 24: 10 90 90 75 4:1.91 79.3 J5.59 1.J4:B 
4: 4:8 10 90 6o Bo 24:.Bo 84:.J 29.11 1.6o9 
5 4:8 10 90 70 70 38.4:8 79.1 JJ.4:7 0.189 
6 4:8 10 90 Bo 75 J7.25 81.6 JO.Bo o.8o5 
7 72 10 90 6o 75 27.97 75.5 J9.4:o 0.761 
B 72 10 90 70 85 25.73 84:.9 JO.J2 0.732 
9 72 10 90 Bo Bo JJ.OB 84:.J J0.6o 1.062 
10 96 10 90 6o B5 22.05 76.6 JB.66 0.125 
11 96 10 90 70 75 J2.59 78.J J6.1J o.ooo 
12 96 10 90 Bo 70 4:3.97 74:.6 J9.B8 o.ooo 
1J 24: 10 90 Bo B5 29.4:1 B4:.9 J1.06 1.667 
14: 4:B 10 90 90 B5 JJ.OB 91.4: 27.7B 1.377 
15 72 10 90 90 70 4:9 .4:7 7B.4: JB.52 0.732 
16 96 10 90 90 Bo 37-22 B7.4: 29.5B 2.000 
"' ..... 
TABLE XII (Continued) 
Initial Initial Final 
Treatment Montmor- Degree Initial Moisture Final Moisture Expansive 
Sample Time illonite Kaolin Saturation Densiy Content Density Content Pressure 
No. Hrs. % % % #/ft. % #/ft.J % TSF 
17 24: 20 Bo 6o Bo 24:.80 79.7 J4:.29 0.790 
1B 24: 20 Bo 70 70 JB.4:B 71.2 J8.7B o.BJ4= 
19 4:B 20 Bo 6o 70 J2.9B 7J.4: J9.4:J o.ooo 
20 4:8 20 Bo 70 Bo 28.95 75.2 J7.BJ 0.4:71 
21 72 20 Bo 6o B5 22.05 B4=.B J2.59 o.64:5 
22 72 20 Bo 70 75 J2.59 7B.9 J2.79 0.726 
23 96 20 Bo 6o 75 27.97 76.7 J9.6J 0.000 
24: 96 20 Bo 70 B5 25.7J B7.4: J0.21 o.B77 
25 24: 20 Bo Bo 75 J7.25 67.7 4:0.97 o.B4:B 
26 24: 20 Bo 90 B5 JJ.OB B6.o J1.76 2.725 
27 4:B 20 Bo Bo B5 29.4:1 B4:.9 J0.2J J.4:11 
2B 4:8 20 Bo 90 75 4:1.91 7J.5 J9.4:o 0.761 
29 72 20 Bo Bo 70 4:J.97 7B.1 J4:.92 O.J75 
JO 72 20 Bo 90 Bo J7.22 B7.J 29.52 2.580 
J1 96 20 Bo Bo Bo JJ.OB B4:.7 29.6J 1.276 
J2 96 20 Bo 90 70 4:9 .4:7 77.5 JB.BB 0.979 
JJ 24: JO 70 6o 75 27.97 7J.4: JB.16 0.94,o 
J4: 4:B JO 70 6o B5 22.05 B4:.1 J2.B6 0.9J5 
'° l\J 
TABLE XII (Contfnued) 
Initial Initial Final 
Treatment Montmor- Degree Initial Moisture Final Moisture Expansive 
Sample Time illonite Kaolin Saturation Densiy Content Densiy Content Pressure 
No. Hrs. % % % #/ft. % #/ft. % TSF 
J5 72 JO 70 6o 70 J2.98 73.1 J8.9J 0.140 
J6 96 JO 70 6o 8o 24.Bo 8J.O J2.J6 0.9J5 
J7 24 JO 70 70 85 25.7J 82.0 J4.5J 1.J19 
J8 48 JO 70 70 75 J2.59 79.3 J1.87 0.375 
39 24 JO 70 8o 8o JJ.08 79.0 JJ.10 1.551 
Lill 24 JO 70 90 70 49.47 7J.J 41.JJ 1.216 
41 48 JO 7C 8o 70 4J.97 77.7 JJ.55 1.426 
42 48 JO 70 90 8o J7.22 86.4 29.05 J.015 
4J 72 JO 70 70 80 28.95 84.2 29.01 1.624 
44 96 JO 70 70 70 J8.48 77.7 J2.JO 0.699 
45 72 JO 70 80 85 29.41 87.7 27.85 2.6o9 
46 72 JO 70 90 75 41.91 86.1 J0.28 J.545 
47 96 JO 70 8o 75 J7.25 80.0 J4.8J 1.189 
48 96 JO 70 90 85 JJ.08 91.0 26.61 J.855 
49 24 Lill 6o 6o 85 22.05 Bo.o J7.28 0.74:7 
50 24 Lill 6o 70 75 J2.59 68.4 J6.67 1.116 
51 24 Lill 6o 8o 70 4J.97 72.J J9.1J 1.1J1 
52 48 Lill 6o 6o 75 27.97 77.6 J4.71 0.558 '° w 
TABLE XII (Continued) 
Initial Initial Final 
Treatment Montmor- Degree Initial Moisture Final Moisture E:x:pansi ve 
Sample Time illonite Kaolin Saturation Densit; Content Densit; Content Pressure 
No. Hrs. % % % #/ft. % #/ft. % TSF 
53 48 w 60 70 85 25.73 82.1 36.25 1.434 
54 48 40 60 80 80 33.08 82.6 30.33 3.594 
55 72 w 60 6o Bo 24.80 83.9 30.47 1.682 
56 72 w 6o 70 70 38.48 75.5 34.w 0.906 
57 72 w 60 8o 75 37.25 79.4 29.92 2.435 
58 96 w 60 6o 70 32.98 75.9 34.66 0.674 
59 96 w 6o 70 8o 28.95 81.3 34.81 1.6o9 
6o 96 w 6o 80 85 29.41 86.o 32.62 0.935 
61 24 w 60 90 80 37.22 81.J J4.67 4.102 
62 48 w 6o 90 70 49.47 73.8 w.27 1.319 
63 72 w 6o 90 85 33.08 89.9 27.39 3.681 
64 96 w 60 90 75 41.91 84.8 31.51 1.942 
18R 24 20 80 70 70 38.48 69.6 38.18 o.848 
13R 24 10 90 8o 85 29.41 84.4 30.02 1.696 
14R 48 10 90 90 85 33.08 87.2 30.14 1.319 
58R 96 w 60 6o 70 32.98 76.1 35.23 0.616 
28R 48 20 80 90 75 41.91 84.1 31.71 2.189 
'° ~
TABLE XII (Continued) 
Initial 
Treatment Montmor- Degree Initial 
Sample Time illoni te Kaolin Saturation Densit; 
No. Hrs. % % % #/ft. 
45R 72 30 70 Bo B5 
10R 96 10 90 6o B5 
21R 72 20 80 6o B5 
46R 4B JO 70 90 75 
42R 4B JO 70 90 8o 
56R 72 4o 6o 70 70 
J5R 72 JO 70 6o 70 
26R 24 20 Bo 90 85 
51R 24 40 60 80 70 
54R 48 40 60 Bo 80 
J8R 48 JO 70 70 75 
Initial 
Moisture Final 
Content Densit; 
% #/ft. 
29.41 B4.1 
22.05 B4~4 
22.05 85.J 
41.91 84.6 
J7.22 8J.6 
38.48 77.6 
J2.9B 78.9 
JJ.08 B4.-6 
4J.97 72.2 
JJ.08 82.7 
32.59 79.7 
Final 
Moisture 
Content 
% 
J2.59 
JJ.09 
32.94 
J0.15 
29.71 
J4.25 
J4.45 
30.98 
39-98 
31.45 
J1.87 
Expansive 
Pressure 
TSF 
1.4J5 
o.05B 
0.631 
J.594 
J.044 
o.7B3 
0.174 
2.798 
1.928 
1.863 
1.087 
'° \J1 
TABLE XIII 
EXPANSIVE PRESSURE OF UNTREATED SAMPLES 
Initial Initial Final 
Montmor- Degree Initial Moisture Final Moisture Expansive 
Sample illonite Kaolin Saturation DensitJ Content Densiy Content Pressure 
No. % % % #/ft. % #/ft. % TSF 
B-1 10 90 60 Bo 24.Bo 79.4 2J.JB J.465 
B-2 10 90 70 Bo 2B.95 B2.1 26.B5 J.001 
B-J 10 90 Bo Bo JJ.OB 8o.4 J1.16 2.J92 
B-4 10 90 90 Bo J7.22 74.5 J5. 77 1.J77 
B-5 20 Bo 60 Bo 24.Bo Bo.7 2J.17 4.725 
B-6 20 Bo 70 Bo 2B.95 7J.4 27.95 J.79B 
B-7 20 Bo Bo Bo JJ.OB Bo.9 J1.47 J.565 
B-B 20 Bo 90 Bo J7.22 B1.2 J5.1J 2.566 
B-9 JO 70 60 Bo 24.Bo B1.B 22.B5 6.B57 
B-10 JO 70 70 Bo 2B.95 79.5 27.52 6.175 
B-11 JO 70 Bo Bo JJ.OB 79.0 J2.10 5.B27 
B-12 JO 70 90 Bo J7.22 79.7 J5.75 5.291 
B-1J 4o 60 60 Bo 24.Bo 79.7 22.B2 B.4J5 
B-14 4o 60 70 Bo 2B.95 Bo.4 26.94 7.277 
B-15 40 60 Bo Bo JJ.OB 79.J J1. 73 7.074 
B-16 40 60 90 Bo J7.22 7B.9 J6.2B 6.J49 
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Figure 28. Expansive Pressure Versus Degree of 
Saturation 
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UNTREATED 
BLANK NO. 1 - 10°/o MONTMORILLONITE - 90°/o KAOLIN 
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Figure 29. X-Ray Diffraction on Treated and Untreated 
Samples 
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Figure JO. X-Ray Diffraction on Treated and Untreated 
Samples 
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Figure 31. X-Ray Diffraction on Treated and 
Untreated Samples 
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Figure J2. X-Ray Diffraction on Treated and Untreated 
Samples 
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CHAPTER VI 
ANALYSIS Oli' RESULTS 
A statistical analysis of the data obtained from the expansive 
pressure tests of treated samples was performed, assuming the following 
regression model: 
where 
Y = expansive pressure of clay TSF, 
ao • • • a14 = the beta coefficient for the given variables, 
D =density #/ft. 3, 70 5 D 5 85, 
C = montmorillonite per cent, 10 ;SC :S 40, 
S = degree saturation per cent, 6o 5 S 5 90, and 
T = time in hours. 
(6.1) 
The data were programmed for the SAS Program, a statistical analysis 
system developed at North Carolina State University, and a multiple 
regression analysis was performed. Based on the computer output, it was 
determined that several of the variables were not significant. These 
2 2 
were: T, T , C , DT, DC, ST, and TC. 
When these variables were excluded, the revised model became: 
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(6.2) 
The data were again analyzed with the same program, and the equation for 
the expansive pressure was found to be 
Y = - 9.0687 + o.59~9n - o.~~97s 
- o.079oc - o.0051n2 + o.0012s2 
+ O.OOJ6DS + o.0015sc (6.J) 
The complete analysis showing the observed, predicted, and 95% Confi-
dence Interval is shown in Appendix B. Employing the above equation, 
an engineer can predict the expansive pressure that will exist in the 
field if electro-osmotic treatment is used. In addition to this calcu-
lation, if one has determined the expansive pressure of the untreated 
material, a direct prediction of the effectiveness of the treatment can 
be evaluated. 
In addition, Figures. JJ through J6 are graphs comparing the 
swelling pressures of untreated material to those of treated material 
at the same per cent clay, density, and degree of saturation. It may be 
seen that ~he treatment is much more effective at the lower moisture 
contents. Also, the reduction'in expansive pressure of the treated 
material increases as the percentage of montmorillonite increases. It 
should also be noted that all of the treated samples were within the 
95% Confidence Interval that was predicted by the regression formula. 
6 S-4 "' SAMPLE NO. 4 
80 LBSIFT3 
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Figure JJ. Expansive Pressure Versus Degree of Saturation 
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CH.APTER VII 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Summary 
The breadth of this study was so large that it encompassed a wide 
range of significant developments. Initially, over 200 tube samples 
were electro-osmotically tested in order to determine the effects on the 
expansive pressure of the Chinle clay. In these tests, the variables 
studied were: 
(1) more than ten different chemical solutions and concentrations, 
(2) four types of metal electrodes, 
(J) time of treatment ranging from 2q to JOO hours, and 
(q) voltage gradient ranging from 0.25 volts/inch to 
2.5 volts/inch. 
Based on the information gained from the tube testing, 12 small 
model tests were performed in which the most promising combination of 
the tactors described above were further studied. Upon completion of 
this phase of the study, it was decided to perform a full scale field 
test along lines that appeared, from the model studies, to be most 
promising. This was accomplished in the spring of 1969 and one should 
refer to Table XI for the results and findings of this project. 
Based on the results of the field test, it can be stated that the 
use of electro-osmosis in conjunction with a water soluble metallic salt 
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will reduce the expansive pressure of the Chinle clay by a factor of 
four or more. 
It is the opinion of the author that this process offers a method 
which will reduce or eliminate excessive swelling pressures if they are 
encountered in an existing structure. 
Conclusions 
This study has produced several important findings that will 
facilitate the field treatment of expansive clays to reduce their 
swelling potential. 
(1) Electro-osmosis with a water soluble metallic salt will 
reduce the expansive pressure of montmorillonite clays by 
factors generally ranging from two to eight. 
(2) The equation for the expansive pressure of a montmorillonite 
clay was determined for practical ranges of certain of its 
variable properties. Within the ranges of 10 to 4-0 per cent 
montmorillonite, 60 to 90 per cent saturation and 70 to 
85#/ft. 3 density, the governing equation is: 
in which 
Y - 9.0687 + 0.59490 - o.4497s 
2 
- o.079oc - 0.00510 
+ o.0036os + o.0015sc 
2 
+ o.0012s 
Y = expansive pressure of clay TSF, 
0 = 'denstty #/ft. 3 , 
C = montmorillonite per cent, and 
S degree saturation per cent. 
(6.3) 
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(J) The lower the moisture content at the beginning of treatment, 
the more effective the treatment. 
(~) The higher the percentage of montmorillonite, the more 
effective the treatment. 
(5) No data for the minimum time requirement was developed in this 
research; however, there must be sufficient time to allow the 
ions to move through the soil zone that is to be treated. 
This will vary, depending on the electrode spacing. However, 
treatment progresses rapidly enough to be practicable in field 
applications. 
(6) Potassium chloride is a water soluble metallic salt that will 
effectively reduce the expansive pressure of a montmorillonite 
clay. 
(7) It is recommended that the average voltage gradient (potential/ 
distance between electrodes) for field projects lie between 
0.5 to 1.0 volts/inch. Below 0.5 volts/inch, the time require-
ment is too long. Above 1.0 volts/inch, there is a noticeable 
heating of the soil which is an indication of an energy loss 
and the waste associated with this loss. Evidence from field 
tests indicate that the voltage gradient within the soil mass 
is not a constant but changes as treatment progresses. The 
average gradient behind the leading edge of the ion front 
steadily decreases whereas that between the leading edge and 
cathode steadily increases. 
(8) From the x-ray diffraction pattern, Figures 29 through 32, it 
is evident that the electro-osmotic treatment with KC! solution 
is very effective in permanently altering the mineralogical 
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characteristics of montmorillonite. The observed collapse of 
the crystalline lattice would lead one to expect a significant 
reduction in expansive pressure of the treated clay. Expansive 
pressure tests on treated samples confirmed these findings. 
(9) Based on the field test of 1969, it would appear that the most 
effective configuration of electrodes for field installations 
is one in which both the anode and cathodes are placed in a 
horizontal position. 
Recommendations for Future Study 
The areas for continued research in electro-osmosis are manifold 
and it would be impossible to mention all of them. However, in the 
opinion of the author, there are several of primary importance that 
should be discussed. It has been shown by other researchers that the 
coefficient of electro-osmotic permeability is a constant for a saturated 
soil; however, this parameter has not been established for a partially 
saturated soil. Until this has been accomplished, any accurate pre-
diction for the time required for various field stabilization projects 
is impossible. 
In addition to the work performed in this study, it would be of 
immense value to determine the effectiveness of the electro-osmotic 
treatment at water contents below 6o per cent saturation. 
Finally, a large area for additional research would be the exten-
sion of the technique developed in this study to determine the 
effectiveness of electro-osmotic treatment on other expansive clay 
minerals, either separately or in various combinations. 
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APPENDIX A 
EXPANSIVE PRESSURE TESTS ON ELECTRO-OSMOTIC 
TREATED 4.5 INCH TUBE SAMPLES 
11~ 
TABLE XIV 
EXPANSIVE PRESSURE TESTS ON ELECTRO-OSMOTIC 
TREATED 4.5 INCH TUBE SAMPLES 
Voltage Expansion *Averae;e 
Sample Gradient Time Pressure Reduction 
llo. Location Solution Electrode v£in. Hours psi Factor 
l UNTREATED MATERIAL Bone Bone 
-
6.84 l.O 
36608c + half 10% CaC12 Aluminum 0.50 305 l.33 
3.6 
" - half ti " " " ·2.47 
36607A + halt 2.5% Cac12, 2.5% V.gCl2 Aluminum 0.50 313 l.06 3.4 
ti 
- half " " II " " 2.93 
46627A + half 10% CaC12 Aluminum l.50 112 3.00 2.5 
" - half " " " " 2.43 
86526B +half 2. 5% Cac12, 2 • 5% MgCl2 Aluminum l.50 115 l.56 3.0 
ff 
- half " " " " " 2.93 
86510A + half 10% CaCl2 Aluminum l.50 144 3.00 2.1 
ti 
- half " .. " 3.50 
865lOB + halt 19% AlCl3 Aluminum l.50 144 2.20 l.9 
" - half II n " n 4.86 
965l5A + half 6% H3P04 Aluminum 1.50 166 4.83 
l.3 
ti 
- half n " " " 5.89 ...... 
...... 
--.,] 
TABLE XIV (Continued) 
Voltage EXPansion Average 
Sample Gradient Time Pressure Reduction 
Mo. Location ,Solution Electrode v/in. Hours :esi Factor 
l06515A + half 12% H3P04 Aluminum 1.50 173 2.62 
1.6 
" - half " " " " 6.08 
106519A + half 24% Ethyl Aluminum 1.50 190 1.78 
2.:r 
" - half' " " " " 3.27 
96529A +half 6% Ethyl Aluminum 1.50 192 4.14 
1.8 
" - half " " .. n 3.65 
46627B + half' 10% CaC12 Aluminum 1.50 200 1.60 
3.5 
" - half " " " 
.. 2.28 
46626C + half 10% CaCl2 Aluminum 1.50 208 2.09 
5.9 
" - half " II " II 0.23 
46626D + half 10% CaCl2 Aluminum 2.0 100 2.24 
4.2 
ti 
- half " " .. " 1.10 
36623E +half, 2.5% CaC12 , 2.5% )tgC12 Aluminum 2.0 ll4 0.57 4.7 
" - half " " " .. " 2.32 
36623F + half' 10% CaC12 Aluminum 2.0 158 3.88 
3.5 
II 
- half " " II " 0.08 
86517A + half Silica Gel +Aluminum 1.50 52 4.60 
l.4 
fl 
- half Lime Water - Steel " " 5.40 '""" 
'""" co 
TABLE XIV (Continued) 
Voltage Expansion .Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution Electrode v/in. Hours ;esi Factor 
26616A + half 25% CaCl2• 10% MgC12, 5% AlCl3 Steel 0.50 100 2.47 
l.4 
" - half " " 
II 
" 
II 
" 6.16 
26617A + half 25% CaC12, 2.5% MgC12 Steel 0.50 124 1.67 
2.4 
" - half II " 
II 
" " 3,95 
36602A + half 25% CaC12, 2.5% MgC12 Steel 0.50 200 1.03 4.2 
" - half' " " " " " 2.36 
26616B + half' 25% CaC12 , 10% MgC12 , 5% AlC13 steel 0.50 2io 0.99 2.8 
" - half " II " " " " 3.95 
26624A + half 10% CaC12 Steel 0.50 244 2.39 2.0 
" - half " " " " 3,31 
36607B + half . 10% CaC12 , 10% MgC12 Steel 0.50 293 0.99 6.3 
" - half " " " 1.18 
36608A + half 10% MgC12 Steel 0.50 299 o.84 5.8 
II ,_ half' II 
" " " 1.52 
26608A + half 25% CaC12, 10% MgCl2 , 5% AlC13 Steel 0.50 300 0.95 2.9 
II 
- half' " II " II II 
II 3.72 
36608B + half 3.5% CaC12, 1.5% MgC12 Steel 0.50 3o6 2.74 
2.6 
II 
- half II II " 
II 2.58 ..... 
..... 
'° 
TABLE XIV (Continued) 
Voltage Expansion Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution Electrode vLin. Hours :esi Factor 
26624B + half 10% CaC12 Steel 0.50 350 3.34 
1.8 
" - half II II " II 4.41 
26616c + half 25% CaC12, 10% MgC12 , 5.% AlC13 Steel 0.50 401 0.53 
4.9' 
" - half " 
II 
" 
... II ti 2.28 
3660lA +·half 10% Cement, 20% H3Po4, 2% AlC13 Steel 0.75 298 6.35 
1.4 
II 
- half II II " II II II 3.23 
26628A + half 10% Ethyl, 6% Cement, 10% H3P04 Steel 0.75 158 3.61 
and 1% A1Cl3 
1.6 
II 
- half II II " II II " 4;94 
56611A + half Saturated KCl Steel 1.0 110 0.34 
10.7 
" - half 
fl II fl fl 0.95 
56617A + half Saturated ~Cl Steel 1.0 ·211 0.53 
8.4 
fl 
- half II If' II II 1.10 
56617B c+ half Saturated KCl Steel 1.0 308 o.68 
13.4 
II 
- half fl II It II 0.34 
ll6519A + half 12% AlC13 Steel 1.50 2 1.37 2.2 
It 
- half II " " " 4.86 
126506B + half 25% CaC12 , 10% MgC12, 5%·A1Cl3 Steel 1.50 24 1.33 2.1 f.-" 
fl 
- half " " 
II 
" 
II fl 5.09 t,,) 0 
TABLE XIV (Continued) 
Vollage EitPansion Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution El.ectrode v£in. Hours psi Factor 
126507A + half 25% CaC12 , 10% MgC12 , 5% A1Cl3 Steel 1.50 24 5.9~ 
1.1 
" - half " " " II II II 6.92 
116524B + half 25% CaC12, 2.5% MgC12 Steel 1.50 24 1.94 
2.0 
II 
- lialf II " II II II 4.75 
16627A + half None Steel 1.50 25 5.28 
1.3 
" - half " II II II 5.28 
116524c + half 19% A1Cl3 Steel 1.50 48 4.18 1.2 
II 
- half " II II II 7.68 
126510A + half 25% CaC12, 10% MgC12, 5% A1Ci3 SteeJ: 1.50 48 3;08 
1.5 
" - half II 
II II II 
" " 
6.31 
126510B + half 25% CaC12,.10% MgC12,·5% A1Cl3 Steel 1.50 48 2.47 2.1 
II 
- half " II II " 
... 
" 4.07 
126527A + ·half 25% CaC12, 10% MgC12, _5% A1Cl3 steel 1.50 48 o.65 2.4 
" . - half " II 
II 
" " " 5.02 
116524A + half 22% Cac12, 4% MgC12 Steel 1.50 48 1.90 2.2 
" - half II 
II II 
" " 4.25 
16627B + half None Steel 1.50 50 4.86 
1.3 
" - half " " " II 5.47 ~ 
(\) 
~ 
TABLE XIV (Continued) 
Voltage Expansion Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution Electrode vf.in. Hours psi Factor 
116530A + half 25% CaC12 , 10% MgCl2, 5% AlCl3 Steel 1.50 72 2.55 
l.5 
" - half " " " " " II 6.84 
86523A + half 2.5.% CaC12, 2.5% MgC12 Steel 1.50 94 5.89 
~.5 
II 
- half II II II• II II 2.93 
86523B . +half 3.75% CaCl2 , 1.25% MgC12 Steel 1.50 99 3.61 
2.7 
II 
- half II II II II " 1.37 
l26513A + half 25% CaC12 , 10% MgC12 , 5% AlC13 Steel 1.50 96 0.99 
2.3 
II 
- half II II .II " " II 5.05 
126531A + half 20% CaCl2 , 10% MgC12 , 10% Alci3 Steel· 1.50 96 1.74 
2.1 
II 
- half II II II " " " 4.90 
, 
10% CaCl2 , 10% MgCl2 96 2.96 ll6518A + half Steel 1.50 
2.1 
II 
- half II " II II II 3.42 
16621B + half None Steel 1.50 100 5.78 
1.4 
II 
__ half II II II II 3.91 
16628A +half Saturated KCl Steel 1.50 100 3.12 
1.6 
". 
- half II II " II 5.59 
16621A + half None None 
-
100 5.66 
1.3 
II 
- half II II - II 5.13 
I-" 
I.\) 
I.\) 
TABLE XIV (Continued) 
Voltage Expansion Average 
Sample Gradient Time Pressure ReductiOn 
No. Location Solution Electrode v/in. Hours ;esi Factor 
86526A + half 10% MgC12 Steel 1.50 ll5 2.36 
2.7 
" - half " " II II 2.62 
116517A + half 6% AlC13 Steel 1.50 ll9 1.94 2.8 
" - half " " II II ·3.00 
126513B + half 25% CaC12, 10% MgC12, 5% AlC13 Steel 1.50 120 1.67 5.1 
" - half " " 
II II II 
" 0.99 
56603A +. half Saturated KCl Steel 1.50 139 0.72 
3.2 
" - half II II II " 3.53 
86503C + half Cement Steel 1.50 139 2.58 
1.2 
" - .half " II " " 8.55 
126528A + half 25% CaC12, 10% MgC12, 5% AlC13 Steel 1.50 144 0.61 2.2 
" - half " II II 
II II 
. " 5.74 
126529A +halt 20% CaC12, 10% MgC12, 10% AlC13 Steel 1.50 144 o.46 3.9 
" ·-half -. " 
II 
" 
II II 
" 3.04 
86503A + half 50% CaC12 Steel 1.50 146 2.62 4.o 
" - half " " 
n II 0.76 
16627c + half None Steel 1.50 150 6.38 
. 1.0 
" - half II " " " 7.37 ~ 
- ~ 
1...-l 
TABLE XIV (Continued) 
Voltage Expansion Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution Electrode v/in. Hours psi Factor 
96522A + half 6% H3P04 Steel 1.50 167 9.20 
0.94 
" - half " " " " 5.36 
96522B + half 25% CaC12 , 2.5% MgC12 Steel 1.50 167 2.51 
4.3 
" - half " " " " " o.65 
106520A + half 22% CaC12 , 4% MgC12 Steel 1.50 167 1.52 
4.8 
" - half " " " " " 1.33 
96529B + half 19% AlC13 Steel 1.50 192 1.67 5.6 
" - half fl fl fl " 0.80 
126527B + half 25% CaC12 , 10% MgC12 , 5% A:1Cl3 Steel 1.50 192 0.00 5.6 
" - half " " " " " 
II 2.58 
·' 
16609A + half 20% Cac12 , 10% MgC12 , 10% AlC13 Steel 1.50 200 1.22 1.4 
" - half " 
II, 
" 
II II .. 8.36 
16627D + ~alf None Steel 1.50 214 5.70 
1.1 
" - half " " " " Ei.35 
56603B + half Saturated KCl Steel 1.50 214 1.52 
5.1 
II 
- half " 
II 
" " 1.14 
56620A + half Saturated KCl Steel 1.50 214 0.27 
. 21.4 
" --half " " II " 0.38 ...... 
('.J 
,j:-
TABLE XIV (Continued 
Voltage Expansion Average 
Sample Gradient Time Pressure Reduction 
No. Location Solution Electrode vLin. Hours psi Factor 
l06505A + half 4.9% Cement, 13% H3Po4 Steel l.50 216 l0.6o 
l.2 
" - half " " " " " 0.72 
ll6509A + half 12% AlC13 Steel l.50 216 l.94 .. 2.8 
" - half " " II II 3.00 
16628B + half Saturated KCl Steel l.50 222 l.37 . 
2.9 
.. 
- half II II II " 3.31 
126520B + half 25% CaCl2 , 10% MgCl2 , 5% A1Cl3 Steel l.50 240 l.29 6.7 
" - half " " " II " " 0.76 
l26527C + half 25% CaC12 , 10% MgCl2 , 5% A1Cl3 Steel l.50 240 0.15 
12.4 
II 
- hal,f II " " II " II 0.95 
126524A + half 25% CaC12 , 10% MgC12 , 5% AlC13 Steel l.50 240 1.25 
l.8 
II 
- half " II " II II " 6.19 
16627E + half None Steel l.50 240 4.48 
l.2 
" - half II II II II 7,07 
106522A + half · 4. 9% Cement, 13% H3P04 Steel l.50 264 8.63 1.0 
II 
- half II " 
II II II 5.02 
16606A + half 25% CaC12 , 10% MgC12 , 5% AlC13 Steel l.50 300 o.49 11.4 
" ..: half " " II II II II 0.72 ~ 
I.\:) 
\J1 
TABLE XIV (Continued) 
voltage EX:pihSiOh Average. 
Sample Gradient Time Pressure Reduction 
No. Location Solution E1ectrode v/in. Hours psi Factor 
2660lA + half Saturated KCl Steel l.50 304 0.95 
3.9 
" - half " " " II 2.55 
56603C + half Saturated KCl Steel l.50 305 l.90 
3.8 
II 
- half If II. " II 1.71 . 
16630A + half 19% A1Cl3 Steel 1.50 309 3,57 1.4 
II 
- half II " If " 6.35 
16630B + half 22% CaC12, 4% MgC12 Steel 1.50 309 3.88 
1.5 
" - half II " " If n 5.17 
26603A + half 25% CaC12, 2.5% MgC12 Steel 1.50 312 2.05 
2.2 
" - half " 
II II 
" 
If 4.29 
116502A +half 10% MgC12 , 5% A1Cl3 Steel l.50 312 o.68 10.4 
" - half 
If 
" " " " o.65 
36623c + half 6% A1Cl3 Steel 2.0 120 1.70 4.o 
" - - half " " " " 1.71 
46601A + half 25% CaC12, 10% MgC12, 5% A1Cl3 Steel 2.0 144 o.87 10.7 
II 
- half " " If II 
If 
" o.41 
36622A + half 50% CaC12, 1% MgC12 Steel 2.0 146 0.34 26.4 
If 
- half " " If If " 0.19 !--> 
" 
[\;) 
a-. 
TABLE XIV (Continued) 
Voltage Expansion Average 
Sample Gradient Time Pressure Reduction 
No. LOcation Solution Electrode vlin. Hours J:?Si Factor 
36622B + half ·3.75J CaCl2, l.25% MgCl2 Steel 2.0 149 l.48 
7.2 
II 
- half II II II II II o.42 
36623B + half 19% AlCl3 Steel 2.0 167 3.72 , 3.4 
II 
- half II II " 
II 0.21 
36623A + half 19% AlCl3 Steel 2.0 192 2.28 
4.7. 
II 
- half " 
II II II 0.65 
46626A +half Saturated KCl Steel 2.0 200 0.38 
9.8 
II 
-half " 
II 
" " 1.03 
46626B +half Saturated KCl Steel 2.0 222 0.72 
12.5 
" -half 
II. 
" " 
II 0.38 
36623D + ha.l.f Saturated KCl Steel 2.0 222 o.68 
20.2 
" -half II II " " o.oo 
366l5A +half 25% CaCl2 , 10% MgCl2 , 5% AlCl3 Steel 3.0 100 0.81 
7.2 
II 
-.half n II II II " " l.03 
36616B' +half -°25% CaCl2 , 10% MgCl2, 5% AlCl3 Stee;i. 4.5 50 0".65 4.3 
II 
-half . n n " 
II 
" " 2.51 
366l6A +ha!.t' 25%·Cac13, 10% MgCl2 , 5% AlC13 Steel 4.5 lll 0.81 9.8 
II 
-half " II II II 11 11 0.53 
• Avera~ Reduction Factor= E!J!ansive P~essure of Untreated Material . ..... (I:> 9 
· Average Expansive Pressure of Treated Material --..) 
APPENDIX B 
STATISTICAL ANALYSIS 
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oe•~~c~. ELECTRO-OS~OTIC TREAT Of EXP CLAYS. 1971. 
STATISTICAL ANALYSIS SYSTEM 
ANTHONY J. BARR 
JAMES HOWARC GOODNIGHT 
DEPARTMENT OF STATISTICS 
NORTH CAROLINA STATE UNIVERSITY 
AUGUST 1970 
RALEIGH, N.C. 
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OBANNON. ELECTRO-OSP'OTIC TREAT OF EXP CLAYS. 1<;71. 
EP 
0 S C CZ S2 CS SC 
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• • 
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OBANNON. ELECTRO-OS~OTIC TREAT OF EXP CLAYS. 1971. 
ANALYSIS CF VARIANCE TARLE • REGRESSIC~ COEFFICIENTS , ANC STATISTICS OF FIT FOR CEPENDENT VARIABLE EP 
Hl~CE CF SUM CF SQUARES 
REGRESSION 1 47.28050218 
EPPCP ~6 1e.oocc;324e 
CURECTED lCTAl 63 65.28143486 
~CURCE CF SEQUElllTIAL SS 
0 1 ll.03C95178 
s 1 21.25045740 
c 1 7.58080628 
C2 l l.04~2C~ec; 
52 1 0.96948639 
OS 1 3.262810Cl 
SC l 2.1~278363 
SCliRC E B ~ALLES T FCP HO:eso 
HA~ -c;. 06870000 -0.48622 
c c. 5'l488313 1.32867 
s -0.44965381 -'!.2!~65 
c -0.07900375 -1.83764 
C2 -O.CC5106ee -1.80149 
S2 o. 00123 078 1. 73!>67 
OS o.oo~612t5 3.1@598 
SC 0.00146383 2.~e1ae 
li'EA"I SQUARE 
o.75435748 
0.32144522 
F VALUE 
34.31674 
66.10911 
23.58351 
3.24536 
3.01602 
10.15044 
6.666C9 
F VALUE 
21.01247 
PROB > F 
0.0001 
o. 0001 
0.0001 
a. 0735 
O. C842 
0.0021 
0.0120 
PPOB > ITI 
C.6!1o2 
0.1863 
C.0024 
0.0680 
o. 0735 
0.0842 
0.0021 
0.0120 
PROE > F P-SCU .. RE 
0.0001 o. 72425648 
P.tRTUL SS F VALUE 
0.56746592 lo 76536 
3.37367485 10.49533 
l .085'tf;435 3.37E92 
1.04320689 3.21t536 
0.96948639 J.01602 
3.26281001 l0.1501t4 
2.14278363 6.66609 
STD ERR B STD B VALUES 
18.651504'l o.c 
0.44772902 3.29269725 
D.13879702 -4.97769667 
0.04299198 -o. 87457660 
0.00283481 -4. 38316to51 
0.00070870 2. 0"735422 
0 .00113392 3.45041971 
0.00056696 1.29383651 
c.v. 
42. 85271 ' 
PROB > F 
0.1863 
0.0024 
0.0680 
0.0135 
0.0842 
0.0021 
0.0120 
""'" ~0 
ORS CftSHVEO PO EC IC ffO OESIDllAL LONEO 95' CL UPPER ni tl 
"'U .. 8EP VALUE VALUE FOO INDl¥10UAL FDA INCIVIDU&L 
CoSS8Coooo OoZ6240250 0029559750 -Oo9'849458 lo523Z .. ,. 
l.l 7400000 0015849125 OoJ1550875 -Oo )l5915Jl 2o04llt7U 
lo 34800000 lo2J46'000 Oolll36000 0001007271 2.45920729 
lo60QOOOOO Co 11851125 0089048815 -Oo5060S604 l.9oon54 
Ool 8900000 Oo04111 l50 Oo 14188250 -lo 15951'57 102417495? 
6 Coacsroooc Oo 78298000 Oo02Z02000 -Oo40U2657 1.96738657 
1 Oo 16100000 Oo 61812875 Oo 14217125 -0.60'4Jl54 t.14269604 
8 Oo 13200000 Oo 18'1625C -Oo 15216250 -o.Jl646951' 2009419457 
9 I o0•2000GO 1.24462 750 -Oo 11261750 0006022093 2042903407 
IC o.12~ooocc Co505500C -0043155000 -0.697J4108 1082444108 
II o.o Oo5114HZ5 -Oo 51741625 -Oo 6 0693 OJ 2 lol6U8282 
12 OoO 0006598815 -0.06591875 -1.11464332 l. 26662082 
ll lo66700000 1045093125 o.Zl60681'5 0.25029918 2065156332 
14 I 037100000 2026385625 -0089685625 loOOZ95917 J.52475333 
H c. 7:!200000 0033101625 0039498)75 -Oo92JH083 lo59l9UU 
16 2000000000 lo 876Q200C Oo IZ!Oeooo 0.65235271 Jel0148lZ9 
11 c.1qoooooo 0.90676875 -0001676815 -oonc1570 1099319497 
18 0083000000 0027575750 0055824250 -oo•0864907 l.46016407 
•• OoO Co35066000 -Oo 35C66CCO -o.1n9012<1 105752272• ~o OoHIOOOOO lo09Jl 3125 -0062213125 -0007482443 2o 26101693 
21 0.61t500000 Co65180l50 -0000680750 -0057275979 1.17637479 
22 0072600000 0081211625 -0.08611625 -0035583943 1091007193 
n Co 0 0, 70638625 -o 0 7063 9625 -0048071997 lo 193512.47 
24 0.87700000 lo ll8M25C -OoHl•0250 -0006560407 2030320907 
25 Co 84800000 1016400250 -0031600250 -0000395318 2o 33195!18 
26 2o 7 25000CO 2019126125 -0.06626125 l.56669396 4001582154 
27 3041100000 lo831'5315 lo 57'104625 0064754711 )001636032 
2! Co l6looooo lo 16204500 -I 000104500 0057491878 2·9•917122 
29 0 o3 7500000 Oo•470l125 -Co 07201125 -Oo 7313q532 1063141782 
JC 2 .58000000 2.40432500 Oo l 75675CO 1021719818 3059145122 
31 Lo 2ncocoo 1062565000 -0034965000 0045769<32 Zo 79360568 
32 0.97900000 C.86442125 Oo 11457815 -Oo 36014604 2.0ll9185lt 
!3 0.94000000 o. 79464l71j Ool45'5625 -o. 392<824 7 1.91176997 
3• Oo 9!500000 Co 14006500 Oo 19493500 -0 048450229 lo96U3229 
35 (1.14000000 0 • .\31191750 -C.298Cill!C -00785640~ 1.66141479 
36 Co93500CCO o. 89502625 0003991375 -OoZ920•997 2008215247 
H 1.31900000 lo 35344250 -Oo03'44250 Ool690)5"3 205)784907 
:!-! o.37500000 1004675625 -0061175625 -Oo 12119943 2021471193 
30 lo55IOOOOO 2000667250 -0045567250 Oo8J81l682 Jol1462818 
40 loZHOOOOO 1039182625 -Oo 17582625 o.1n25896 2061639354 
•• l.•UCOCOO ooa2aon15 Q.5CHCJ6:625 -0.35631212 2001244032 42 3o0l5COOOO 2. 93173000 0008327000 1074460378 4011815622 
43 1.62400000 1032117125 Oo 29t22875 Ool591L557 2.49572693 
44 O.f.Ci9COOOO Oo5I03915o 0.1"860250 -0.67400907 l.69ltl0tr.07 
45 2.60900000 2o21297f25 O. 39EOZJl5 lo02&56968 )0)91382'2 
46 3o545COOOO 2028945000 1025555000 lo 10232378 J.41657622 
., lo 18"00000 lo 54502500 -0035602500 OoJ11069J2 2. 71298068 
48 J.85500000 3.3le6662S O, 5!B3375 Zo C)q409896 405021354 
.. c. 74 7COOOO o.a2uzz50 -0008112250 -0.43251458 2001•21956 
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